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MOLECULAR BIOLOGY

A conditional Smg6 mutant mouse model reveals
circadian clock regulation through the nonsense-

mediated mRNA decay pathway

Georgia Katsioudi’, René Dreos’, Enes S. Arpa’, Sevasti Gaspari', Angelica Liechti’, Miho Sato?,
Christian H. Gabriel?, Achim Kramer3, Steven A. Brown?t, David Gatfield'*

Nonsense-mediated messenger RNA (mRNA) decay (NMD) has been intensively studied as a surveillance
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pathway that degrades erroneous transcripts arising from mutations or RNA processing errors. While additional
roles in physiological control of mRNA stability have emerged, possible functions in mammalian physiology in
vivo remain unclear. Here, we created a conditional mouse allele that allows converting the NMD effector nu-
clease SMG6 from wild-type to nuclease domain-mutant protein. We find that NMD down-regulation affects the
function of the circadian clock, a system known to require rapid mRNA turnover. Specifically, we uncover strong
lengthening of free-running circadian periods for liver and fibroblast clocks and direct NMD regulation of Cry2
mRNA, encoding a key transcriptional repressor within the rhythm-generating feedback loop. Transcriptome-
wide changes in daily mRNA accumulation patterns in the entrained liver, as well as an altered response to food
entrainment, expand the known scope of NMD regulation in mammalian gene expression and physiology.

INTRODUCTION
Nonsense-mediated mRNA decay (NMD) is an important surveil-
lance pathway to reduce gene expression errors that arise from mu-
tations or mis-splicing and that are identified because of aberrant
translation termination on “premature translation termination
codons” (PTCs) [reviewed in (I)]. In mammals, PTCs are recog-
nized because of their position relative to an exon-junction
complex (EJC), a multiprotein assembly that is deposited on
mRNAs during splicing and removed from the transcript by the
passage of translating ribosomes. Termination upstream of an
EJC identifies the stop codon as aberrant, promoting the formation
of an NMD factor complex comprising several UPF (up-frameshift)
and SMG (suppressor with morphogenetic effects on genitalia) pro-
teins. Briefly, interactions between UPF1, UPF2, and UPF3 proteins
trigger UPF1 phosphorylation by the kinase SMG1. Phosphorylated
UPF1 further recruits SMG5, SMG6, and SMG7, which are involved
in executing the actual mRNA degradation step. Previous models
suggested two distinct, redundant branches for decay involving
SMG5/SMG? (that can recruit general, non—-NMD-specific exonu-
cleases) or SMG6 (an NMD-specific endonuclease). Recent evi-
dence, however, argues for mechanistic overlap (2). A linear
pathway involving decay “licensing” through SMG5/SMG7 fol-
lowed by SMG6-mediated endonucleolytic cleavage has been pro-
posed as the main mechanism of mRNA decay (3).

Early transcriptome-wide analyses already noted that, in addi-
tion to NMD activity on aberrant transcripts, the pathway partici-
pates in the decay of regular, physiological mRNAs as well (4). Most
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of the initially identified NMD-activating features on endogenous
transcripts are in line with the above rules for PTC definition. For
example, NMD is triggered by introns in 3’ untranslated regions
(3'UTRs), translated upstream open reading frames (uORFs) in
5'UTRs, or selenocysteine codons that are interpreted as stop
codons. Later studies further showed that long 3'UTRs can activate
NMD per se, in the absence of a downstream splice junction (5, 6).
The generality of a “3'UTR length rule” has, however, been ques-
tioned recently in a nanopore sequencing—based study that (after
removing the transcripts from the analysis for which there was ev-
idence for splicing in the 3'UTR) found no predictive value of
3'UTR length for NMD regulation (7). Independent of which mech-
anisms trigger NMD on nonclassical NMD substrates, it has been
proposed that the expression of up to 20 to 40% of genes is directly
or indirectly affected when NMD is inactivated in mammalian cell
lines (3, 7), and it is tempting to speculate that the pathway may thus
have extensive functions in physiological gene expression control
(1). Most mammalian studies so far have used cell culture models,
and it is therefore largely unknown whether the regulatory potential
of NMD extends to the intact organ and living organism in vivo,
and if so, which specific molecular and physiological pathways it
controls.

Certain physiological processes are particularly reliant on rapid,
well-controlled RNA turnover. Co-opting NMD could thus be es-
pecially opportune. In this respect, the circadian clock stands out as
an important functional system that controls daily rhythms in tran-
scription, mRNA, and protein abundances, affecting thousands of
genes across the organism and controlling daily changes in behav-
ior, physiology, and metabolism [reviewed in (8)]. In the mamma-
lian body, the circadian system is hierarchically organized with a
master clock in the brain’s suprachiasmatic nucleus (SCN) that syn-
chronizes peripheral clocks that operate in most cell types and that
are responsible for driving cellular rhythmic gene expression pro-
grams. Across cell types, clocks have a similar molecular architec-
ture, with a core clock mechanism that generates gene expression
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oscillations through transcription factors that interact in negative
feedback loops. In the main loop, BMALI:CLOCK (and/or
BMALI:NPAS2 in some neurons) function as the main activators
and bind to E-box enhancers in their target genes, which include
the Period (Perl, Per2, and Per3) and Cryptochrome (Cryl and
Cry2) genes. Negative feedback is achieved when PER:CRY com-
plexes repress their own transcription by inhibiting
BMAL1:CLOCK. PER and CRY protein degradation temporally
limits the repressive activity, eventually allowing a new cycle to
ensue. Conceivably, rapid mRNA decay is critical for this mecha-
nism as well (9), as a means of restricting protein biosynthesis
and availability in time; however, the responsible decay pathways
remain overall poorly understood. Additional feedback mecha-
nisms (particularly involving nuclear receptors of the REV-ERB/
ROR families) interlock with the above main feedback loop and
confer robustness to the system [reviewed in (10)]. Via the rhythmic
transcription factors generated through this clockwork, rhythmic
mRNA production is driven at hundreds to thousands of clock-con-
trolled genes (CCGs). The stability of CCG transcripts critically de-
termines to what extent their initial transcriptional rhythms are
propagated to the mRNA and protein abundance levels (9). Mech-
anisms that have been implicated in posttranscriptionally regulating
rhythmic mRNAs in mammals include microRNA (miRNA)-me-
diated regulation (11) and regulated deadenylation (12). With
regard to a possible involvement of NMD, evidence for roles in
the circadian system has been reported from fungi, plants, and
flies (13-16). In mammals, the involvement of NMD in eliminating
erroneous, rhythmic alternative splicing products is documented
(17). How NMD globally shapes rhythmic transcriptomes,
let alone in a mammalian organism in vivo, is still unknown.

In this study, we used a conditional NMD loss-of-function
mouse model to uncover that NMD is directly implicated in regu-
lating peripheral circadian clocks, rhythmic gene expression, and
food entrainment of the liver oscillator. We identify Cry2 as a
direct NMD target and further determine how the hepatic diurnal
transcriptome is rewired in the absence of a functional NMD
pathway. Our mouse model and findings on circadian regulation
provide important conceptual advances on in vivo functions of
NMD and reveal a mechanism of posttranscriptional gene expres-
sion regulation that acts in the mammalian core clock.

RESULTS

An allele based on nuclease domain-mutant SMG6 allows
for conditional NMD loss of function

To inactivate NMD in vivo, we generated mice in which we could
conditionally recombine Smg6™** to Smg6™“! (Fig. 1A), i.e., from an
allele encoding wild-type SMG6 protein to a version specifically
point-mutated at two of the three highly conserved aspartic acid
(D) residues of the catalytic triade of the protein’s PIN (PilT N ter-
minus) nuclease domain (Fig. 1B) (18). Briefly, we chose this strat-
egy over a full gene knockout because NMD factors, including
SMGE, carry additional functions in telomere and genome stability
(19). These functions have been shown to be selectively maintained
by expressing an NMD-inactive SMG6 protein lacking its nuclease
domain (20). We first validated our genetic model in primary tail
fibroblasts from homozygous Smg6™*/°* and Smg6*/* littermate
mice that we stably transduced with a retroviral vector expressing
tamoxifen-activatable CreERT2 (Fig. 1C). Smg6/"/1o* cells

Katsioudi et al., Sci. Adv. 9, eade2828 (2023) 13 January 2023

specifically and efficiently recombined to Smg6™**™“! by addition
of 4-hydroxytamoxifen (4-OHT) to the culture medium
(Fig. 1D). In these cells, a lentiviral luciferase reporter carrying an
intron in its 3'UTR became up-regulated, as expected for an inactive
NMD pathway (Fig. 1E). We further validated our model by RNA
sequencing (RNA-seq) to analyze gene expression changes tran-
scriptome-wide in 4-OHT—treated and 4-OHT—untreated cells of
both genotypes. Our method, based on random priming of ribo-
somal RNA—depleted total RNA, allowed for the quantification of
both mRNA (exon-mapping reads) and pre-mRNA abundances
(intron-mapping reads), the latter serving as a proxy for gene tran-
scription rates (11, 21, 22). In analogy to previous studies (11, 21),
we used mRNA/pre-mRNA ratios to estimate mRNA stability
changes between NMD-inactive and control cells and to distinguish
them from secondary effects involving altered transcription rates.
Our analyses revealed a shift to higher mRNA/pre-mRNA ratios
(more stable mRNAs) specifically in NMD-inactive
(Smg6o¥/fox 1 4-OHT) cells (Fig. 2A). Two transcript groups were
particularly affected: (i) genes with known, annotated NMD-sensi-
tive mRNA isoforms (according to Ensembl annotations) and (ii)
genes with retained introns (Fig. 2B). Inspection of individual ex-
amples further validated these findings, as shown for Hnrnpl and
Srsfl1, with a clear up-regulation of NMD isoform—specific exons
in the mutants (Fig. 2, C and D). Transcriptome-wide differential
expression analysis at the exon level pointed at hundreds of consti-
tutive exons from canonical mRNAs (i.e., without annotated NMD
isoforms) with increased abundance under Smg6 mutant condi-
tions, indicating widespread NMD regulation of the transcriptome
(Fig. 2E).

We proceeded to analyze whether specific transcript features
correlated with Smg6 mutation-dependent changes in mRNA/pre-
mRNA ratios. As expected for potential NMD substrates, the tran-
scripts that were most strongly affected were low expressed in
control cells (Fig. 2F). 5'UTR length [which correlates with uORF
content (23)] was weakly, although significantly, associated with in-
creased mRNA/pre-mRNA ratios (Fig. 2G), suggesting that trans-
lated uORFs may contribute as an NMD-activating feature to
endogenous mRNA up-regulation in Smg6 mutants. Stronger cor-
relations were observed with the lengths of the CDS (Fig. 2H) and
3'UTRs (Fig. 2I). The latter association is consistent with the model
that long 3'UTRs can function as NMD-activating features. Togeth-
er, these associations matched those observed for other NMD loss-
of-function models, e.g., in HeLa cells subjected to UPFI knock-
down (24). Together, we concluded that our genetic model based
on the mutant Smg6 allele was suitable to analyze endogenous
targets and functions of the NMD pathway.

NMD inactivation lengthens free-running circadian periods
in fibroblasts and in liver

We next investigated how mutant Smg6 affected the circadian clock.
First, we stably transfected the above fibroblasts with a circadian re-
porter gene, Dbp-Luciferase (25) and recorded their free-running
circadian rhythms upon NMD inactivation with 4-OHT. Briefly,
we synchronized the cellular oscillators using temperature cycles
(26), released them at 37°C, and continued real-time biolumines-
cence recordings for an additional 5 days under constant conditions
(Fig. 3A). These experiments revealed a lengthening of the free-
running circadian period in NMD-deficient cells by ca. 1.5
hours (Fig. 3B).
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Fig. 1. A conditional NMD loss-of-function allele based on Smgé PIN nuclease domain mutation. (A) Schematic of the genetic model. Smg6™* expresses wild-type
SMG6 protein encoded by the blue exons; after Cre-mediated recombination to Smg6™“!, point-mutated exons 18 and 19 (yellow) lead to expression of mutant SMG6
(D1352A and D1391A). (B) Mutated aspartic acid residues (marked red) are within the catalytic triade of the PIN nuclease domain, shown here in the structure of the
human protein [Protein Data Bank accession 2HWW (78)]. In the mouse protein, human Asp1392 is at position 1391 and human Asp1353 at 1352. (C) For cellular studies,
tail fibroblasts from adult male mice (Smg6* and wild-type littermates) were cultured until spontaneous immortalization, and tamoxifen-activatable CreERT2 expression
was achieved by a retrovirus. Upon 4-hydroxytamoxifen (4-OHT) treatment, NMD mutants (yellow) were compared to different control cells (shades of blue). (D) Poly-
merase chain reaction (PCR)-based genotyping of genomic DNA extracted from cells depicted in (C) indicates efficient recombination upon 4-OHT treatment. (E) Lu-
ciferase reporter containing an intron in the 3'UTR is up-regulated in 4-OHT-treated Smg6/°*°* cells, as expected under NMD-inactive conditions. N = 2 to 6 plates per

group, adjusted P = 0.038; multiple Student'’s t test.

We next wished to corroborate a potential period phenotype
using the liver as a peripheral clock model with direct links to cir-
cadian physiology and functions in vivo. We thus crossed into the
Smg6°* mouse line a hepatocyte-specific CreERT2 [tamoxifen-ac-
tivatable Cre, driven from the Albumin locus (27)] and a circadian
reporter, mPer2::Luc (28). After intraperitoneal tamoxifen injec-
tions into young adult mice, animals were euthanized 4 weeks
later, a time at which highly efficient recombination of Smg6™* to
Smg6™"" had taken place (Fig. 3H). We then prepared organotypic
slices (tissue explants) for real-time recording of luciferase rhythms
ex vivo (Fig. 3C). In these experiments, we observed a strong and
specific period lengthening by almost 3 hours in liver explants
from animals with inactivated NMD (tamoxifen-treated Smg6/*/
flox mice) as compared to livers from identically treated littermate
animals of the control genotype (Fig. 3D). As a specificity control,
we also recorded kidney explant rhythms from the same animals.
Free-running periods were generally longer in this organ, as report-
ed previously (28); however, we did not observe any differences
between genotypes (Fig. 3D), in line with the hepatocyte-specific
expression of CreERT2.

In vivo, and according to oscillator theory (29, 30), a difference
in period lengths between the entraining clock (here, wild-type
period SCN) and the entrained clock (here, long period Smg6
mutant hepatocytes) will typically translate to a phase shift of the
entrained oscillator. Thus, we expected that the long-period
mPER2:LUC rhythms seen in liver explants ex vivo would lead to
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a change in phase in vivo. To evaluate this prediction, we used a
method for the real-time recording of daily liver gene expression
in freely moving mice (31, 32) that relies on luciferase reporters, lu-
ciferin delivery via an osmotic minipump, and highly sensitive bio-
luminescence photon counting (Fig. 3E). Using the same
mPer2::Luc reporter knock-in animals (NMD-deficient versus con-
trols), real-time recording was carried out under conditions that
ensured light-entrainment of the SCN clock to an external 24-
hour light-dark cycle by means of a skeleton photoperiod, i.e.,
two 30-min light pulses applied at times corresponding to the be-
ginning and to the end of the light phase in a 12-hour light-12-hour
dark (LD12:12) cycle. We observed high-amplitude rhythmic bio-
luminescence rhythms in both genotypes (Fig. 3F). Intriguingly, the
entrained phases of mPER2:LUC reporter oscillations were indis-
tinguishable (Fig. 3G). Moreover, we next investigated the effect of
the Smg6 mutation on the central clock in the SCN. We stereotacti-
cally injected an adeno-associated virus (AAV) expressing Cre::
eGFP to induce recombination (fig. S1, A and B) and scored circa-
dian clock parameters by two different assays: (i) In vivo, we mea-
sured behavioral locomotor rhythms under constant conditions
(free-running clock) by running wheel assays (fig. S1, B and C);
and (ii) ex vivo, we recorded mPER2::LUC rhythms from SCN ex-
plants (fig. S1, D to F). Neither assay revealed an effect of the Smg6
mutation on free-running periods for the SCN clock; however, as a
caveat, we also noted overall less efficient recombination as com-
pared to our liver experiments (fig. S1G). We concluded that loss
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Fig. 2. Smg6 mutation stabilizes endogenous NMD targets. (A) Density plot showing transcriptome-wide
mMRNA/pre-mRNA ratio distributions calculated from RNA-seq, in NMD-inactive (yellow) versus control cells
(shades of blue). (B) Difference in mRNA/pre-mRNA ratios between NMD-inactivated (Smg67°x + 4-OHT)
and control cells (Smg6™/°x + vehicle) is consistent with higher stability of annotated NMD substrates
(purple, N = 2681) and transcripts with retained introns (green, N = 3369). Moreover, the broad distribution
and shift to positive values for not previously NMD-annotated protein coding transcripts (beige, N = 3232) is
indicative of transcriptome-wide mRNA stability increase and NMD regulation. (C) Read coverage on the
Hnrnpl and (D) Srsf11 loci indicates the specific up-regulation of transcript isoforms that are NMD-annotated
(purple) and that can be identified via specific exons (marked by arrows in insets). (E) Differential expression
analysis at the exon level, comparing Smg61x + 4-OHT versus Smg6/>1°* + vehicle conditions, reveals
significant up-regulation of NMD-annotated exons (purple; N = 492; 169 genes), retained introns (green;

N =521; 122 genes), and a sizeable number of constitutive exons (beige; N = 1787; 382 genes), suggestive of
NMD regulating many protein-coding genes. (F) Correlation analysis between mRNA/pre-mRNA ratio change
upon NMD inactivation versus expression levels in wild-type cells shows significant anticorrelation. (G) The
lengths of 5'UTRs, (H) CDS, and (1) 3'UTRs are all positively correlated with mRNA/pre-mRNA ratio change
upon NMD inactivation. Pearson correlation coefficient (r), slope, and P values were calculated by a linear

flox/flox [ \iehicle
05 4-OHT Protein
H [ coding
0.4

N=3232

model and indicated in the panels.

of NMD triggered by the Smg6 mutant allele had a strong period
lengthening phenotype for peripheral clocks, notably for liver ex-
plants, that was, however, masked in the entrained liver of the
intact animal when using mPER2:LUC as a readout.
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NMD inactivation differentially affects the phases of core
clock gene expression in the entrained liver

We next analyzed the apparent discrepancy between the long
periods of liver rhythms ex vivo (Fig. 3, C and D) and the lack of
a phase phenotype in vivo (Fig. 3, F and G). Briefly, other tissues
than liver [e.g., kidney (33)] may have contributed to the overall bio-
luminescence signal detected in the in vivo recording experiments,
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Fig. 3. Smg6 mutation lengthens free-running circadian periods. (A) Bioluminescence rhythms (Dbp-Luciferase) of mutant and control fibroblasts under free-running
conditions after temperature-entrainment; representative traces from Smg6™! (yellow; 4-OHT) and Smg6™f°* (blue, no 4-OHT) cells. (B) Period length quantification of
several experiments as in (A) with Smg6™“* (yellow; 4-OHT), Smg6ﬂ°X/ﬂ°X (blue; no 4-OHT), and Smg6+/+ with/without 4-OHT (gray). N = 3 to 5; Smg6™“! versus Smg6ﬂ°X/ﬂ°X
period difference is 1.6 hours; Bonferroni's multiple comparisons test adjusted P = 0.0228. (C) Liver and kidney explants from littermate adult mice were excised for
bioluminescence recording. Representative traces from Smg6™* (yellow) and control (blue) livers. (D) Quantification of experiments as in (C). Long periods (values,
means + SD) were observed in NMD-deficient liver explants (yellow; 25.36 + 2.23 hours) compared to control livers (blue; 22.0 £ 0.90 hours). Difference between
means 3.4 hours; difference between medians 2.9 hours. Kidney explants from same animals in gray (Smg6™°x, 252 + 1.19 hours; Smg6*/*, 24.4 + 1.83 hours).
Livers: N = 16 to 17; Mann-Whitney test P < 0.0001. Kidney: N = 16 to 20; P = 0.0771. One to four tissue slices per mouse; blind analyses. (E) Cartoon depicting the in
vivo recording setup (RT-Biolumicorder). (F) Left: Bioluminescence rhythms and activity were recorded under skeleton photoperiod (yellow vertical lines at ZTO and
before ZT12). Mean signal (solid trace) and SEM (shaded) over the whole course of the experiment. Right: Compiled data of all mice, averaged from day 3, for tamox-
ifen-injected Smg6*/°x (yellow) and Smg6*/* (blue) animals, all carrying AIb<®tR™? and mPer2::Luc. (G) Quantification of PER2:LUC bioluminescence peak phase differ-
ence between mutants (yellow) and controls (blue). N = 6; Mann-Whitney test P = 0.7251. n.s., not significant. (H) Liver genotyping confirms efficient recombination (PCR
on genomic DNA).

thereby masking a hepatic phase phenotype. Moreover, systemic  quality control, we first validated that known NMD targets were
cues that are dependent on the SCN, yet do not require a functional  up-regulated in Smg6 mutant livers. As in the fibroblasts (Fig. 2,
hepatocyte clock, can drive rhythmic PER2 accumulation in the Cand D), NMD-annotated isoform exons were increased in abun-
liver (34, 35); therefore, mPER2::LUC signal may not be represen-  dance (fig. S2A). Other transcripts diagnostic of an inactive NMD
tative of the intrinsic liver clock phase. To evaluate in a comprehen-  pathway showed the expected posttranscriptional up-regulation as
sive fashion how rhythmic gene expression was altered in vivo, we  well. For example, mRNAs encoding components of the NMD ma-
collected livers at 4-hour intervals around-the-clock from LD12:12-  chinery itself were posttranscriptionally up-regulated (fig. S2B), as
entrained Smg6 mutant and control mice, with time points ZT0  reported previously from cell lines (6). This phenomenon has been
(Zeitgeber Time 0, corresponding to time of “lights on"), ZT4, proposed to represent an autoregulatory mechanism that involves as
ZT8, ZT12 ("lights off"), ZT16, and ZT20 (Fig. 4A). We carried NMD-activating features the long 3'UTRs that these mRNAs carry.
out RNA-seq on all individual mouse liver samples (triplicates  Similarly, the uORF-regulated Atf4 and Atf5 transcripts, which are
per genotype and time point) and assembled the data into two documented NMD substrates (4, 36) and encode key transcription
time series representing the diurnal liver transcriptome under con-  factors in the integrated stress response (ISR) (37), showed the ex-
ditions of an inactive versus active NMD pathway. As a means of pected up-regulation (fig. S2C). Notably, higher ATF5 protein
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Fig. 4. Smg6 mutation differentially affects hepatic core clock pre-mRNA and mRNA rhythms. (A) Schematic of the around-the-clock RNA-seq experiment, which
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over all samples per genotype, before dividing by average pre-mRNA counts. Three components of the negative limb—Cry2, Cry1, and Per2—showed higher mRNA/pre-
mRNA ratios in Smg6 mutants.
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accumulation (fig. S2, D and E) occurred in the absence of general
ISR activation (as judged by phosphorylation levels of Eukaryotic
translation initiation factor 2a (eIF2a) that were only weakly affect-
ed; fig. S2D), pinpointing the lack of direct NMD regulation rather
than proteotoxic stress as the likely trigger.

We then analyzed the daily dynamics of core clock gene expres-
sion at the mRNA and pre-mRNA levels (Fig. 4, B to J). Consistent
with the in vivo recording of mPer2::Luc animals, Per2 mRNA and
pre-mRNA rhythms were highly similar between the two genotypes
(Fig. 4E). By contrast, several other core clock genes—notably, those
encoding the main transcriptional activators, Clock and Arntl/
Bmall (Fig. 4, B and C), as well as Cryl (Fig. 4F) and Rorc
(Fig. 4])—showed phase-delayed pre-mRNAs indicative of tran-
scription occurring several hours later. The complete analysis of
core clock mRNA (Fig. 4K) and pre-mRNA (Fig. 4L) rhythms re-
vealed that the considerable phase differences seen for many core
clock genes at the transcriptional (pre-mRNA) level (Fig. 4L),
only partially propagated to the mRNA level (Fig. 4K). Of the
core loop constituents, Cry2 mRNA showed a substantial delay by
ca. 2 hours (Fig. 4, G and K). This later mRNA phase did not appear
to originate from delayed transcription, given that the pre-mRNA
phase of Cry2 was, if anything, advanced (Fig. 4, G and L). Other
delays in mRNA accumulation that we observed affected the two
nuclear receptors and components of the stabilizing loop, Nr1d2/
Rev-erbb and Rorc (Fig. 4, H, ], and K).

NMD regulation of Cry2 mRNA occurs through its 3'UTR and
limits CRY2 protein accumulation during the dark phase
Among the core clock genes, the observed change in the daily Cry2
expression profile (i.e., a peak in Cry2 mRNA levels at ZT8 to ZT12
with subsequent decrease in control animals; however, Cry2 mRNA
abundance persisting on a high plateau until ZT20 in Smg6
mutants; Fig. 4G) was consistent with the hypothesis that the
Cry2 transcript became stabilized in the absence of NMD. The anal-
ysis of Cry2 mRNA/pre-mRNA ratios across all liver samples sug-
gested elevated stability during the dark phase of the cycle (ZT12 to
720; Fig. 5A). Western blot analysis of total liver proteins revealed
that the prolonged mRNA abundance under NMD-inactive condi-
tions led to corresponding changes at the level of CRY2 protein,
whose peak accumulation was delayed by 4 hours in Smg6 mutant
animals ( peak at ZT20) compared to controls (peak at ZT16; Fig. 5,
B and C). Moreover, the analysis of individual livers showed that
CRY2 reproducibly accumulated to >2x higher levels in Smg6
mutant livers toward the end of the dark phase, at ZT20 (Fig. 5,
D and E). Furthermore, increased CRY2 levels were also apparent
in Smg6 mutant fibroblasts (Fig. 5, F and G). These observations
were compatible with a direct regulation of Cry2 mRNA stability
through NMD. To explore this hypothesis, we analyzed whether
the Cry2 mRNA contained any potential NMD-activating features.
First, we inspected RNA-seq coverage on the Cry2 locus in our fi-
broblast data, which revealed the expression of a single Cry2 tran-
script isoform carrying a long 3'UTR of ~2.2 kb [Fig. 5H; identical
observations were made in the liver RNA-seq data from (11)], i.e.,
well beyond the ~1-kb cutoff that has been used as a benchmark for
the definition of potential endogenous NMD substrates (1, 5, 6).
There was no evidence that a second annotated mRNA isoform
with a shorter 3'UTR (~0.4 kb; Fig. 5H) or any other, additional
transcript variants were generated from the locus. Last, with a
5'UTR that is particularly short (20 nucleotides) and no evidence

Katsioudi et al., Sci. Adv. 9, eade2828 (2023) 13 January 2023

for translating ribosomes upstream of the annotated start codon ac-
cording to previous ribosome profiling data (23), we excluded the
possibility that the transcript contained NMD-activating uORFs.
We thus assessed whether the ~2.2-kb Cry2 3'UTR would confer
NMD regulation to a luciferase reporter gene (Fig. 5I). Dual lucif-
erase assays revealed that inactivating NMD in fibroblasts led to
a >5-fold activity increase for the Cry2 3'UTR-carrying reporter
as compared to the control reporter (Fig. 5]), providing evidence
that the Cry2 3'UTR can trigger NMD.

We wished to further validate NMD regulation of the Cry2
3'UTR by an approach that would allow more rapid and direct
readout of reporter activity after NMD inhibition, rather than
having to rely on prolonged 4-OHT treatment of reporter-express-
ing cells to induce the Smg6 mutation. To this end, we used a phar-
macological inhibitor of the kinase SMG1, hSMG-1 inhibitor 11e
(SMGLi in the following) (38). Briefly, for this compound, a
median inhibitory concentration in the subnanomolar range had
originally been reported (38); however, subsequent studies in
vitro (39) and in cells [e.g., (40)] have applied SMGli at consider-
able higher concentrations (0.2 to 1 uM) to inhibit NMD; additional
effects on other kinases [e.g., mechanistic target of rapamycin
(mTOR) (38)] cannot be excluded under these conditions. We ob-
served a very strong effect of 0.6 uM SMG1i on circadian period in
two commonly used circadian model cell lines: murine NIH/3t3 fi-
broblasts (Fig. 6, A and B) and human U-2 OS osteosarcoma cells
(fig. S3, A and B). Notably, the period lengthening phenotype
caused by the compound (~4 hours; Fig. 6B) was considerably
stronger than that seen in the genetic Smg6 fibroblast model (~1.5
hours; Fig. 3B), in line with possibly broader activity of SMGIi.
Moreover, cellular toxicity was observable after prolonged SMG1i
treatment for several days. We thus concluded that this compound
would be most appropriate for short-term NMD inhibition up to 24
hours, which is also the time frame in which it increased endoge-
nous CRY?2 protein abundance (Fig. 6C). We subsequently assessed
how acute SMGli treatment affected the activity of lentivirally de-
livered luciferase reporters carrying various core clock gene 3'UTRs,
using real-time bioluminescence recording in mouse fibroblasts.
Upon addition of SMG1i, output from a reporter carrying the
Cry2 3'UTR increased rapidly within a few hours (Fig. 6D). By con-
trast, neither the vector 3'UTR nor the 3'UTRs of other core clock
genes that were similar in length to the Cry2 3'UTR, namely, that of
Perl (~1 kb) and Per2 (~2.1 kb), showed increased reporter output.
On the basis of this outcome, we concluded that the Cry2 3'UTR
acted as a specific trigger of the NMD pathway. We next reasoned
that the Cry2 3'UTR may be NMD-activating due to its length or,
alternatively, that it could contain specific cis-acting elements im-
portant for NMD activity, e.g., specific binding sites for RNA
binding proteins (RBPs). To distinguish between these two scenar-
ios, we tested individual, overlapping fragments of the full-length
Cry2 3'UTR in the reporter assay. In contrast to full-length Cry2
3'UTR, none of the fragments was associated with reporter up-reg-
ulation upon SMG1i treatment (Fig. 6E). We concluded that most
likely the considerable length of the Cry2 3'UTR was a feature that
could trigger NMD.

With NMD down-regulation leading, on the one hand, to longer
periods and, on the other hand, to altered abundance and accumu-
lation dynamics of CRY2, we next attempted to investigate whether
there was a causal link between both effects. To this end, we pro-
duced Cry2-deficient NIH/3t3 cells (Fig. 6F) that we treated with
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Fig. 5. Endogenous Cry2 mRNA and protein are sensitive to NMD activity. (A) mRNA/pre-mRNA ratios across individual liver samples, grouped into light phase (ZT0,
ZT4,and ZT8) and dark phase (ZT12, ZT16, and ZT20), indicate increased Cry2 mRNA stability in Smg6 mutants in the dark phase; P = 0.06; analysis of variance (ANOVA). (B)
Western blot analysis of total liver proteins (pool of three mice per sample), for CRY2 and HSP90 (loading control). (C) Quantification of Western blot from (B). CRY2
intensity was normalized to HSP90 (loading control). (D) Western blot as in (B), but from individual animals at ZT8 and ZT20; CRY2 is reproducibly more abundant at ZT20
in Smg6 mutants. (E) Quantification of Western blot in (D); P = 0.1; Mann-Whitney nonparametric test. (F) Western blot analysis of total protein from fibroblasts (cells as in
Fig. 1C) reveals CRY2 up-regulation specifically in 4-OHT—treated 5mg6ﬂ°X/”°X cells. (G) Quantification of Western blot shown in (F); P = 0.002; Mann-Whitney nonpara-
metric test. (H) RNA-seq coverage on Cry2 locus (fibroblasts). Only the transcript isoform carrying the 2.2 kb (and not the shorter) 3'UTR is expressed. (I) Schematic of the
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without 4-OHT treatment was internally set to 1, and the signal of 4-OHT—-treated cells relative to these untreated cells is reported; N = 5 from three different experiments;
P =0.001; Mann-Whitney nonparametric test.

In the future, how NMD-mediated regulation of Cry2 participates in
period lengthening should be examined through dedicated experi-
ments in Smg6™"" cells/livers.

SMG1i, based on the reasoning that NMD inhibition may have a
less severe period phenotype in the absence of a functional Cry2
gene. However, in this setup, we did not uncover an evident mod-
ulation of SMGli-mediated period lengthening by the absence of
Cry2 (Fig. 6G). A similar outcome was obtained in Cry2-deficient
U-2 OS cells (fig. S3, C and D). We concluded that SMG1i was able

Transcriptome-wide analyses uncover rhythmic gene
expression reprogramming in the entrained liver

to provoke period lengthening independently of Cry2. However,
given the questions surrounding the specificity of SMG1i detailed
above, an interaction of the period phenotype with Cry2 regulation
may have been masked by other, stronger effects of the compound.

Katsioudi et al., Sci. Adv. 9, eade2828 (2023) 13 January 2023

We next analyzed how the global rhythmic transcriptome was af-
fected in Smg6 mutant livers in vivo. Changes in gene expression
in the mutant are likely a consequence of direct and indirect
effects, due to (i) NMD directly controlling the mRNA stability
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Fig. 6. NMD regulation of Cry2 mRNA via its long 3'UTR. (A) Bioluminescence traces of NIH/3t3 cells carrying the Dbp-Luciferase reporter gene, with (orange) or without
(gray) 0.6 pM SMG1i treatment. Traces show means + SD from three independent experiments. (B) Quantification of experiments as in (A), showing reproducible period
lengthening by ca. 4 hours in the presence of 0.6 uM SMGT1i (N =11 to 12; P < 0.001; Mann-Whitney test). (C) Western blot analysis of total protein extract from NIH/3t3
cells treated with vehicle or 0.6 uM SMG1i; quantification of CRY2 abundance normalized to HSP90 below lanes. (D) Primary fibroblasts (genotype Smg6**) were stably
transduced with luciferase reporters carrying different 3'UTRs, as in Fig. 5J. When in real-time recording a relatively stable state of Firefly luciferase signal was reached, 1
uM SMGTi (orange) or vehicle (gray) were added to cells. The reporter carrying vector 3'UTR was compared to the Cry2, Per1, and Per2 3'UTRs. Traces show normalized data
with means + SD; N = 3. (E) In assays as in (D), expression levels of full-length Cry2 3'UTR were compared to depicted 3'UTR fragments (N = 2). (F) Western blot showing
absence of CRY2 in CRISPR-Cas9—generated Cry2 knockout (KO) NIH/3t3 cells. (G) Period length of Dbp-Luciferase traces in NIH/3t3 cells (controls, gray; Cry2 knockouts,

green), treated with indicated concentrations of SMG1i or with vehicle (dimethyl sulfoxide; corresponding to the volume used in highest SMG1i treatment).

for some clock-controlled output genes, which would posttran-
scriptionally affect on their amplitudes and phases; (ii) the altered
phase of Cry2 and other core clock components (Fig. 4K) affecting
the transcriptional timing and dynamics at clock-controlled loci;
and (iii) additional secondary consequences that could be both
transcriptional and posttranscriptional in nature, as a result of the
above effects. We first investigated whether there were global
changes in the populations of rhythmic transcripts between the
two genotypes, analyzing the RNA-seq datasets from the above
cohort (Fig. 4A). Using established rhythmicity detection algo-
rithms [MetaCycle R package (41)], we found that most of
mRNAs classified as rhythmic in controls were also rhythmic in
the Smg6 mutant livers (N = 1257; Fig. 7A); visual inspection of
the pre-mRNA heatmaps suggested that most of these rhythms
were driven through rhythmic transcription. A lower number of
transcripts passed the rhythmicity criteria of the detection algo-
rithm in only one of the genotypes, with genes whose mRNAs
were specified as rhythmic in controls but nonrhythmic in Smg6
mutants (N = 223; Fig. 7B) and vice versa (N = 323; Fig. 7C).

Katsioudi et al., Sci. Adv. 9, eade2828 (2023) 13 January 2023

Inspection of the heatmaps, however, indicated that, in many
cases, the alleged lack of rhythmicity in one or the other genotype
was most likely the result of lower/noisier expression levels rather
than clear-cut loss of oscillations [a well-known phenomenon
when comparing rhythmic gene expression datasets (42)]. We
thus first focused our analyses on the common mRNA rhythmic
genes. Their peak phase distributions globally resembled each
other in the two genotypes (Fig. 7D). A large group of mRNAs
showed maximal abundance around ZT6 to ZT12, an interval
that overlaps with the expected peak mRNA phase of direct
BMAL1:CLOCK targets containing E-box enhancers (43); this
cluster appeared phase-advanced in Smg6 mutants. Moreover,
several phases were underrepresented in mutants as compared to
controls, such as the distinct group of transcripts with maximal
abundance at the beginning of the light phase in controls (ZT0 to
ZT2) that was absent in Smg6 mutant livers (Fig. 7D). For a more
quantitative analysis of these effects, we calculated transcript-specif-
ic phase differences, which indicated that mRNA phases in Smg6
mutants globally followed those in controls, with advances and
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Fig. 7. Altered transcriptome rhythms in entrained Smg6 mutant livers. (A) Heatmap of transcripts, mRNA rhythmic in both genotypes. Expression levels are rep-
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(B) As in (A), mRNA rhythmic only in controls (N = 223). (C) As in (A) mRNA rhythmic only in mutants (N = 329). (D) Radial diagrams showing peak phase of rhythmic mRNAs
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1. (E) Peak phase of mRNA in Smg6 mutants (yellow) relative to control (blue), ranked according to phase in controls, using transcripts from (A) (N = 1257). Data are double-
plotted. (F) Mutant versus control peak phase difference for commonly rhythmic mRNAs (N = 1257). (G) Peak phase difference of mRNAs with chromatin immunopre-
cipitation sequencing (ChIP-seq) binding sites for BMAL1 and CLOCK (N = 130), according to (22); P = 0.0065; permutation test, i.e., 1000x subsampling of N = 130
transcripts from the “all rhythmic transcripts” (N = 1257) of (F) and then comparing means of subsampling groups with observed mean (t test). (H) As in (G), for
mRNAs with ChIP-seq sites for PERs and CRYs from (22); P = 0.0005; permutation test as in (G). (I) As in (G), for rhythmic mRNAs with no ChIP-seq binding sites for
any of the proteins BMAL1, CLOCK, PER1, PER2, CRY1, or CRY2; P = 0.18; permutation test as in (G). (J) Z-score amplitudes (difference between maximum and
minimum z-score values, calculated independently for mRNAs and pre-mRNAs of commonly rhythmic transcripts; N = 1257) show lower mean mRNA (P = 0.236) and
higher mean pre-mRNA amplitudes in mutants (P =2 x 10~'°); significance calculations from a linear model (equivalent to t test). (K) Transcript mRNA/pre-mRNA z-score
amplitude ratios (from the N = 1257 common rhythmic transcripts), stratified by genotype, show decrease in mutants; P = 2 x 107'°. Student's t test. (L) RNA-seq data of
indicated genes for mRNA (top; exonic reads) and pre-mRNA (bottom; intronic reads) for Smgé mutants (yellow) and controls (blue). See Fig. 4 (B to J) for details.
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delays spread out across the day (Fig. 7E). Overall, more transcripts
were phase advanced (691 genes) than delayed (566 genes) in Smg6
mutant livers (Fig. 7F). This outcome was unexpected given that the
expression profiles for core clock transcripts (Fig. 4, B to J) and, spe-
cifically, the findings on Cry2 (Figs. 5 and 6) had rather pointed
toward a delay of the entrained liver clock in Smg6 mutants. We
then overlaid our rhythmic transcript set with data from a large cir-
cadian mouse liver chromatin immunoprecipitation sequencing
(ChIP-seq) study (22). We observed that mRNAs arising from
loci with binding sites for BMAL1 and CLOCK (Fig. 7G; 59/71 tran-
scripts advanced/delayed; P = 0.0065) or PER and CRY proteins
(Fig. 7H; 73/76 advanced/delayed; P = 0.0005) were significantly
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skewed toward phase delays, in comparison to rhythmic genes
that were not direct targets of these core clock proteins (Fig. 71;
335/252 advanced/delayed; P = 0.18). We concluded that multiple
factors engendered complex phase changes at the rhythmic tran-
scriptome level in Smg6 mutants, manifesting in delays for many
direct BMAL1:CLOCK targets and overall advanced phases for
many other rhythmically expressed mRNAs.

Next, we compared peak-to-trough amplitudes between the ge-
notypes. For rhythmic mRNAs that are direct targets of NMD, in-
creased transcript stability in Smg6 mutants should lead to
flattening of peak-to-trough ratios. To explore this possibility, we
used the z scores (Fig. 7A) for the common rhythmic transcripts
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Fig. 8. Altered food shifting kinetics and entrainment of liver clocks in Smg6 mutant animals in vivo. (A) Schematic of the food shifting experiments in the RT-
Biolumicorder setup. Mice of genotype Smg6™/°x and Smg6*/+, all carrying hepatocyte-specific AIb<*5R72 and Per2:Luc reporter and injected with tamoxifen, were
compared. During 2 days of recording, animals had free access to food (ad libitum), and feeding is thus expected to take place mainly in the dark phase (brown
arrows). Access to food is then restricted to the light phase (ZT4 to Z12) for 4 days. During the whole experiment, animals are light-entrained using skeleton photoperiods
to keep the SCN clock entrained to a defined LD schedule. (B) RT-Biolumicorder traces of individual mice in the food shifting experiment, showing smoothened bio-
luminescence rhythms (photons) with each line representing the signal from a control (blue) or a liver-specific Smgé mutant (yellow) animal. (C) Compiled data averaged
over the last 2 days of the experiment from the N = 3 to 4 animals shown in (B). Mean signal (solid trace) and SEM (shaded). The indicated phase differences are calculated
from rhythmic fits to the data. (D) Activity traces (infrared signal) for the mice shown in (B). (E) Compiled activity data, averaged over the last 2 days of the experiment,
analogous to (C).
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to calculate the amplitudes (maximum-to-minimum fold changes)
for mRNAs and for pre-mRNAs, which we compared between the
two genotypes. In Smg6 mutants, median mRNA amplitudes were
lower than in controls, but pre-mRNA amplitudes were higher
(Fig. 7]); when normalizing mRNA amplitudes for pre-mRNA
fold changes, as a means to control for differences in transcriptional
rhythmicity at the locus, the decrease in rhythmic amplitudes in
Smg6 mutants was highly significant (Fig. 7K). This observation in-
dicated that higher stability of rhythmic mRNAs in Smg6 mutants
was detectable at the global level. In the extreme case, an mRNA that
is rhythmic in control animals may lose its amplitude to the extent
that it would not anymore be considered as rhythmic at all; it would
then group within the N =223 genes shown in Fig. 7B. We inspected
the individual expression profiles of these genes, which led to the
identification of a sizeable number of transcripts that displayed se-
verely blunted mRNA amplitudes in Smg6 mutants, despite similar
rhythmic pre-mRNAs (i.e., oscillations in transcription; Fig. 7L).
For some of the cases, plausible hypotheses about underlying
NMD-eliciting features can be made. For example, according to
our previous mouse liver ribosome profiling data (44), Glycine de-
carboxylase (Gldc) contains efficiently translated uORFs; in the case
of Lactate dehydrogenase B (Ldhb), a regulatory mechanism entail-
ing stop codon readthrough has been demonstrated (45) and could
provide a link between Ldhb translation and NMD. For the other
transcripts shown in Fig. 7L (Pde9a, Kyatl, Tubb4b, Tmem101,
Amdhdl, and Epha2), no obvious candidate NMD-eliciting features
are apparent.

Food entrainment of the liver clock is altered in Smgé
mutant animals

The above analyses demonstrated that the stably entrained liver
clock, under ad libitum feeding and LD12:12 conditions, was
subject to phase and amplitude alterations at the level of CCG ex-
pression. Our in vivo recording experiments (Fig. 3, E to G) had
been insensitive to picking up such differences in liver rhythms
due to the use of the mPer2::Luc reporter allele, whose phase was
unaffected by Smg6 mutation under stable entrainment conditions.
We reasoned that under conditions where the stable entrainment
was challenged, a phenotype may be unmasked also for
mPer2::Luc. To this end, we carried out food shifting experiments
i.e., switching from ad libitum to daytime feeding. Under these con-
ditions, the liver clock receives conflicting timing cues from the
SCN and from feeding/fasting cycles (Fig. 8A), which are not
anymore aligned to each other and will eventually lead to an inver-
sion of hepatic oscillator phase due to the dominance of feeding
Zeitgebers for peripheral oscillators (46). The kinetics and end
point of phase adaptation can be understood as a paradigm of
clock plasticity/rigidity and can be recorded using the RT-Biolumi-
corder setup (32). Our experiments revealed that, in Smg6 mutant
animals, after 3 days of feeding during the light phase, daily cycles in
bioluminescence had readjusted to a phase that substantially dif-
fered between control and Smg6 mutant animals (3 hours difference
at trough/0.5 hours at peak; Fig. 8, B and C). We concluded that the
NMD pathway is important for the adaptation of circadian gene ex-
pression to food entrainment in mouse liver and for how distinct
timing cues are integrated within the clock circuitry. Moreover,
we noted that the activity traces (infrared beam break) recorded
in the RT-Biolumicorder setup from the same animals (Fig. 8, D
and E) suggested genotype-dependent changes in locomotor
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activity patterns, i.e., a typical output of the SCN clock. Previous
findings have indicated that rhythmic liver metabolism can feed-
back to the brain and manifest in altered behavior, notably involv-
ing liver-derived ketone bodies that affect food anticipatory
behavior (47). Our data could suggest that, in the absence of a func-
tional NMD pathway, such mechanisms may be altered as well.

DISCUSSION
The conditional Smg6 endonuclease-mutant allele that we have de-
veloped provides unique possibilities to explore in vivo activities of
the NMD pathway and has allowed us to reveal an unexpected role
within the mammalian circadian system—a conserved, key mecha-
nism for the organization of daily rhythms in behavior, physiology,
and metabolism. We uncover that NMD loss of function has a
notable impact on free-running circadian periods in two peripheral
clock models, primary fibroblasts and liver, and on gene expression
oscillations in stably entrained and food-shifted livers. Moreover,
we identify a specific core clock component, Cry2, as NMD-regulat-
ed and attribute the NMD-eliciting activity to its long 3'UTR. Al-
though it is widely accepted that efficient mRNA decay is critical for
the establishment of gene expression oscillations (9), which specific
pathways mediate the decay of transcripts encoding core clock com-
ponents has remained largely unknown. It is intriguing that NMD
has been co-opted for this purpose, and future work should address
whether, in the specific case of Cry2, this mechanism offers regula-
tory advantages over other decay routes or whether it simply reflects
that nature and evolution are “opportunistic” in that they use avail-
able molecular pathways in the most efficient fashion. In line with
this idea is the observation that a sizeable number of other rhythmic
transcripts appears to rely on NMD to ensure efficient mRNA turn-
over as well (Fig. 7L). More generally, it would be interesting to
further explore the evolutionary pressures relating to NMD activity
on physiological transcripts; for example, it has been speculated why
many mammalian mRNAs contain long 3'UTRs but evade NMD,
and a model has been put forward, suggesting that such mRNAs
have evolved to recruit NMD-inhibiting RBPs in spatial proximity
of the termination codon (5). However, an opposite drive to attract
and retain NMD regulation would be plausible as well—acting on
endogenous transcripts, such as Cry2, whose intrinsic instability is
physiologically important. These ideas are in line with findings that,
in the circadian systems of Neurospora (15, 16), Arabidopsis (13),
and Drosophila (14), specific roles for NMD have emerged as well.
In the absence of NMD, CRY2 protein in liver accumulates to
higher levels and for an extended time. On the basis of the experi-
ments presented in our study, we are not yet fully in the position to
evaluate to what extent these effects are directly responsible for the
period lengthening. Still, it would be plausible that the phase delay
of CRY2 seen in the Smg6 mutants could be critically involved. Ac-
cording to around-the-clock ChIP-seq data from wild-type mouse
liver, CRY2 binds and represses its target genes at circadian time
CT15 to CT16 (22), thus closely matching the timing of maximal
CRY2 abundance in our control mice (ZT16). The ChIP-seq data
from wild-type livers further indicate that, by CT20, CRY2 is
cleared and replaced by CRY1, which binds to chromatin with a
peak at around CTO and is associated with a transcriptionally re-
pressed but poised state of BMAL1:CLOCK activity. Period length-
ening through the prolonged availability of CRY2 may thus involve
an extended CRY2-mediated repressive phase and/or CRY2
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denying its homolog CRY1 access to its targets, causing a delay in
the handover to CRY1. Notably, the period lengthening that we
observe is phenotypically comparable to that reported for a chem-
ical, selective stabilizer of CRY2 protein, which also prolongs
periods in reporter assays across several cell types and species
(48). Moreover, period lengthening has also been reported upon
CRY?2 stabilization (in a CryI-deficient background) induced by
genetic inactivation of the CRY-specific ubiquitin ligase FbxI3
(49). For these reasons and reminiscent of findings on CRY1 accu-
mulation (50), the changed timing of CRY2 accumulation, rather
than its generally higher levels, may be a critical feature for the
period phenotype and for the phase effects seen in the entrained
liver. We thus propose that Cry2 mRNA instability, mediated
through NMD, is an important mechanism within the core loop
of the clock by which CRY2 protein biosynthesis is restricted to
the beginning of the dark phase when it acts in sync with PER1
and PER2 to repress CLOCK:BMAL1-mediated transcription
(Fig. 9). Concomitant with CRY2/PER1/PER2, some CRY1 is re-
cruited; however, the majority is found to join CLOCK:BMALI1
after CRY2/PER1/PER2 removal (22), leading to the formation of
the late repressive and poised states that precede the next transcrip-
tional cycle at CLOCK:BMAL1-bound E-box enhancers.

The data that we present suggest specificity of the phenotype for
peripheral clocks. We were unable to detect an impact on circadian
period for the master clock in the SCN. Different explanations may
underlie this observation. First, we cannot exclude lack of pheno-
type due to technical reasons, particularly a lower efficiency of

[ ]
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Q

Repression phase

Fig. 9. Model of the regulation of daily dynamics of CRY2 accumulation
through NMD. In the entrained liver clock, Cry2 mRNA is translated and the
protein accumulates with a peak in the dark phase (ZT16 in wild type). In the
absence of a functional NMD pathway, Cry2 mRNA is stabilized and reaches
higher levels, and its translation leads to increased CRY2 at later times (ZT20).
The specific phases and states noted at the periphery of the circle (e.g., poised
and derepression) refer to the findings and terminology from Koike et al. (22) on
E-box binding of core clock proteins.
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Cre-mediated recombination in SCN neurons or slower replace-
ment kinetics of wild-type SMG6 by its mutant version due to dif-
ferent protein stability in neurons. For possible biological
explanations, the decay of NMD substrates may be less reliant on
SMG6 in neuronal cells, or the strong intercellular coupling in the
SCN (51) could render the clocks resilient to genetic perturbations
of the NMD pathway. Last, it has been reported that the relative im-
portance of the two homologs, CRY1 and CRY2, in the negative
feedback loop can be unexpectedly tissue-specific. There is evidence
that CRY1 rather than CRY2 is the main transcriptional repressor in
the SCN (49), which could contribute to the insensitivity of the
central clock to Smg6 mutation.

An important difference between central and peripheral clocks
lies in their response to food entrainment: Liver and other periph-
eral clocks can be synchronized to feeding-fasting cycles in a way
that can override entrainment signals from the SCN, while the
SCN clock itself is generally not food-sensitive (46, 52). Comparing
liver and SCN, it is intriguing that there is a correlation between the
Smg6-dependent period phenotype (liver, long period; SCN, no
period change) and the known ability to respond to food entrain-
ment (liver, entrainable; SCN, not entrainable) and that, in addi-
tion, the response to food entrainment is itself altered in Smg6
mutant livers (Fig. 8). Different signaling pathways have been iden-
tified as mediators of food entrainment, notably feeding-regulated
hormones such as insulin and insulin-like growth factor 1 (IGF-1)
(53) and mTOR activation, which abundantly cross-talks with the
circadian oscillator in the liver (53-57). With mTOR acting as a
master regulator of mRNA translation (58) and insulin/IGF-1-de-
pendent clock entrainment involving miRNA-mediated regulation
(53), a central role of RNA regulation in food entrainment is emerg-
ing, and it will be exciting to decipher how NMD further integrates
into these mechanisms at the molecular level.

In summary, the unexpected role of NMD that we uncover
within the circadian system illustrates the ongoing shift in percep-
tion of NMD from surveillance to housekeeping functions. We an-
ticipate that our mouse model will provide valuable insights into so-
far unidentified NMD targets and functions in mammals in vivo,
including in the context of pathologies where NMD may represent
a promising therapeutic target, such as in neurological diseases (59)
and in cancer (60).

MATERIALS AND METHODS

Animals

All animal experiments were performed according to the cantonal
guidelines of the Canton of Vaud, Switzerland, license VD3611.
Healthy adult male mice of age 12 to 24 months were used. All
mouse lines were maintained on a C57BL/6] background. The
alleles AlbCre-ERT2" (27) and mPer2::Luc® (28) have been previ-
ously described. The Smg6/** allele was generated in collaboration

with Taconic [official nomenclature of line:
Smg6imSA9S(DI3S2A,DII9IA)Tac)

Primary fibroblasts and immortalization

Adult male Smg6/°*°* and Smg6*/* control littermate mice were
anesthetized and euthanized, and approximately 1 cm of tail tip
was recovered and further sliced into thin pieces under sterile con-
ditions. Tissue fragments were overnight digested with collagenase
type 1A (1 mg/ml; Sigma-Aldrich) in culture medium at 37°C. The
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culture medium consists of Dulbecco’'s Modified Eagle's Medium
(DMEM) with 15% fetal calf serum, 1% penicillin-streptomycin-
glutamine (PSG) (Thermo Fisher Scientific, 10378016), 1% nones-
sential amino acids (Thermo Fisher Scientific, 11140050), 1 mM
sodium pyruvate (Thermo Fisher Scientific, 11360070), 87 mM (-
mercaptoethanol, 18 mM Hepes (pH 7.0; Thermo Fisher Scientific,
15630080), amphotericin B (2.5 ug/ml; Thermo Fisher Scientific,
15290018), and plasmocin (2.5 pg/ml; InvivoGen).

Isolated fibroblasts became spontaneously immortal upon con-
tinuous culture, creating Smg6/*/°% or Smg6*/+ cell lines. Immor-
talized fibroblasts were transduced with a retrovirus carrying a
tamoxifen-inducible Cre and puromycin resistance (MSCV
CreERT2 puro, Addgene plasmid no. 22776). Retrovirus production
was performed using the pCL-eco (Addgene, 12371) and pCMV-
VSV-G (Addgene, 8454) plasmids in 293FT human embryonic
kidney cells using the CalPhos Mammalian Transfection Kit
(Takara Bio, 631312). Following 2 puM tamoxifen treatment,
renewed every 24 hours for four consecutive days, the cells were
used for experiments after 7 to 10 days.

DNA genotyping

DNA from cell cultures, liver, or kidney was extracted using the
DNeasy Blood & Tissue Kit (Qiagen, 69504) according to the man-
ufacturer’s protocol. Genotyping polymerase chain reaction (PCR)
was performed using HotStar Taqg DNA polymerase (Qiagen,
203207), 0.4 mM primers (Microsynth), 0.2 mM dNTP mix
(Promega, U1511), and approximately 200 to 700 ng of DNA tem-
plate. The primer sequences are as follows (5'-3'): forward: gaa ata
cca ggg ccc ttg c; reverse-1: cat cac tac cca gct cag gaa c; reverse-2:
gga ttg get cct ctt tge tg. The PCR program is as follows: 15 s at 95°C,
35 cycles: 1 min at 94°C, 1 min at 61°C, 1 min at 72°C, and final
elongation at 72°C for 10 min. DNA extraction from dissected
SCN tissue was done by the Arcturus PicoPure DNA Extraction
Kit (Thermo Fisher Scientific, KIT0103). PCR reaction was set up
as above. The primer sequences are as follows (5'-3'): forward: gaa
ata cca ggg ccc ttg ¢; reverse-2: tct age tec ttt ctg cct ctt c. The PCR
program is as follows: 15 s at 95°C, 40 cycles: 1 min at 94°C, 1 min at
55°C, 1 min at 72°C, and final elongation at 72°C for 10 min.

Luciferase reporters and lentiviral production

CreERT2 Smg6/¥/fox and Smg6** immortalized fibroblasts were
transduced with a lentivirus carrying a dual luciferase (Firefly/
Renilla) NMD reporter or a control vector. For the generation of
dual luciferase reporter plasmids, the prLV1 dual luciferase reporter
plasmid (11) was used, with or without the introduction of an
intron downstream of the Firefly stop codon. For the latter, the chi-
meric intron of the pCI-neo vector (Promega, E1841) was cloned
into the 3'UTR of the prLV1 vector. The following primers were
used for PCR amplification: forward: aaagcggccGCTCGTTTAGT
GAACCGTC (introducing a Not I restriction site) and reverse: tT
TCTCGAGCTGTAATTGAACTGGGAG (introducing a Xho I re-
striction site). Dbp-Luciferase (25) and the 3'UTR luciferase
reporters (11) have been described previously. Lentiviral particles
were produced in 293FT cells using the envelope vector pMD2.G
and the packaging plasmid psPAX2 as in previous studies (11,
23). Filtered viral supernatant was spun 2 hours at 24,000 rpm at
4°C using Optima L-90 K Ultracentrifuge (SW32Ti rotor;
Beckman), and then, viral particles were resuspended with
normal growth medium and used for cell transduction.
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Circadian bioluminescence recording of cell cultures

For mouse cell experiments, fibroblasts cultured in 35-mm culture
dishes (Falcon) were synchronized either with serum shock (50%
horse serum for 3 hours) or with temperature entrainment (cycles
of 16 hours at 35°C and 8 hours at 37°C for 5 days). During record-
ing, cells were cultured in phenol-free DMEM (Gibco) containing
10% fetal bovine serum (FBS), 1% PSG, and 0.1 mM luciferin, sealed
with parafilm to avoid evaporation, in the LumiCycler setup (Acti-
metrics) at 37°C and 5% CO,. NIH/3t3 murine fibroblasts were cul-
tured under the same conditions as the immortalized fibroblasts but
synchronized with 100 nM dexamethasone treatment for 15 min.
SMGT1 inhibitor (hSMG-1 inhibitor 11e; ProbeChem catalog no.
PC-35788) (38) was used as 10 mM stock (dissolved in dimethyl
sulfoxide) and, if not indicated otherwise, used at a concentration
of 0.6 uM (NIH/3t3 experiments) to 1 pM (Smg6*** fibroblasts).

Dual luciferase assay

After lentiviral transduction, cells were collected using 5X Passive
Lysis Buffer (Promega), and luciferase activity was measured
using the Dual-Glo Luciferase Assay System (Promega, E1910) ac-
cording to the manufacturer’s protocol. Firefly-Luciferase signal
was normalized to Renilla-Luciferase, and, for each construct
(3'UTR or NMD reporter), this signal was then normalized to
that of lentivector-control plasmid (only containing generic
vector 3' UTR) treated with vehicle (for each experiment).

Experiments in human U-2 OS cells

U-2 OS (human, female; American Type Culture Collection, HTB-
96) osteosarcoma cells harboring a murine Bmall promoter—driven
firefly luciferase reporter and derived CRY2 knockout cell lines
(clone D4) were described earlier (61, 62). CRY1-Luc and CRY2-
Luc knock-in reporter cells were generated by introducing a lucif-
erase ORF into the genomic locus 5' to the stop codon as described
(63). For bioluminescence recording, cells were seeded into a 96-
well plate in DMEM (Gibco no. 41965039), supplemented with
10% FBS, 25 mM Hepes, and 1x PenStrep, at a density of 20,000
cells per well and grown for 3 days in an incubator at 37°C and
5% CO,. Cells were synchronized by addition of 1 uM dexametha-
sone for 20 min. Medium was removed, wells were washed two
times with prewarmed phosphate-buffered saline (PBS), and lucif-
erase activity was recorded at 35°C in phenol red-free DMEM
(Gibco no. 21063029), supplemented with 10% FBS, 1x PenStrep,
250 uM p-luciferin (PJK Biotech, no. 102113), and inhibitor or
vehicle control as indicated, using a TopCountNxt device (Perki-
nElmer) with a plate stacker.

RNA and library preparation

For fibroblast RNA-seq, cells of the various conditions (Smg6*'*
and Smg6/°*/1o%, with/without 4-OHT) were cultured for at least 3
to 4 days after seeding, to allow desynchronization of circadian os-
cillators; medium was removed, cells were lysed on the plate with
TRI reagent (Sigma-Aldrich), and RNA was extracted according
to the manufacturer's protocol. RNA from snap-frozen liver
pieces was extracted essentially as described (11). RNA-seq libraries
were prepared from triplicates/condition for cell culture experi-
ments or from individual mouse livers according to the standard
protocols (TruSeq Stranded Total RNA Library Prep Gold, Illumi-
na) using 1 pg of starting material. Paired-end sequencing (150
bases) was carried out on Illumina HiSeq 4000 (fibroblasts) and
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NovaSeq 6000 (liver) platforms at the Lausanne Genomic Technol-
ogies Facility to a sequencing depth of at least 25 million (fibro-
blasts) and 100 million (liver) cDNA-mapping reads per sample.
At these sequencing depths, previous studies [e.g., (21)] have
shown that it is possible to reliably quantify several thousand
genes at both intronic and exonic level and that posttranscriptional
regulation can be discerned from transcriptional changes.

RNA-seq analysis

Reads were mapped on the mouse genome GRCm38 (Ensembl
version 91) using STAR (64) (v. 2.7.0f; options: --outFilterType
BySJout --outFilterMultimapNmax 20 --outMultimapperOrder
Random --alignSJoverhangMin 8 --alignSJDBoverhangMin 1
--outFilterMismatchNmax 999 --alignIntronMin 20 --alignIntron-
Max 1000000 --alignMatesGapMax 1000000). Read counts in genes
loci were evaluated with htseq-count (65) (v. 0.13.5) for transcript
mapped reads (i.e., exons; options: --stranded = reverse
--order = name --type = exon --idattr = gene_id --mode = intersec-
tion-strict) and for whole locus mapped reads (i.e., exons plus
introns; options: --stranded = reverse --order = name --type = gene
--idattr = gene_id --mode = union). Read counting for exon analysis
was not possible with htseq-count (most reads spanned multiple
exons and would have been discarded), so a dedicated python
script was developed for this task. To avoid counting reads spanning
different exons multiple times, the script calculated average read
depth for each exon. Read pileups for gene loci were calculated
using samtools depth (66) (v. 1.9) and plotted using R (v 4.1.1). Dif-
ferential expression analysis was done in R using DESeq2 package
(67). We applied a cutoff of at least 10 reads in at least three samples
in the liver datasets for a gene to be considered as quantifiable at
both intron and exon level; a total of 14,104 genes passed that
limit. RNA stability estimates were performed using RPKM (reads
per kilobase of transcript per million mapped reads)-normalized
read counts. Phase analysis was performed using RPKM-normal-
ized read counts and the MetaCycle R package (41).

Induction of liver-specific Smg6 mutation

8- to 12-week-old male Smg6™f1°* mice, carrying the liver-specific
Albumin-driven CreERT2 [allele Alp1(cre/ERTMtz (37y] "and their
control littermates (Smg6*/*) received four intraperitoneal injec-
tions of tamoxifen (20 mg/ml; Sigma-Aldrich) in corn oil at a
dosage of 75 mg of tamoxifen/kg of body weight. The mice were
admitted to experiments 4 weeks later.

Liver and kidney explants

Male Smg6°*/1°* mice and their control littermates Smg6™* were
euthanized following anesthesia by isoflurane inhalation. Liver
and kidney tissue were excised and put immediately in ice-cold
Hank's buffer (Thermo Fisher Scientific). The outermost edges of
the tissues were carefully excised in a sterile cabinet and immediate-
ly placed on 0.4-um Millicell cell culture inserts (PICMORGS50)
placed in 35-mm dishes with phenol-free DMEM (Thermo Fisher
Scientific, 11880028) containing 5% FBS, 2 mM glutamine, penicil-
lin (100 U/ml), streptomycin (100 pg/ml), and 0.1 mM luciferin.
The parafilm-sealed plates were placed for recording in the Lumi-
Cycler (Actimetrics) at 37°C and 5% CO,.
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RT-Biolumicorder experiments

Adult male mice, 12 to 20 weeks of age, carrying the genetically
encoded circadian reporter allele mPer2::Luc (28) were used for
the RT-Biolumicorder experiments. The experimental procedure
followed our recently published protocol (3I). Briefly, ALZET
mini-osmotic pumps (model 100D5 or 2001) were filled with p-lu-
ciferin sodium salt (90 mg/ml), dissolved in PBS (pH 7.4) under
sterile conditions. The pumps were closed with blue-colored flow
moderators (ALZET) and activated at 37°C according to the man-
ufacturer’s instructions, followed by the subcutaneous, dorsal im-
plantation. As analgesics, carprofen (rimadyl, 5 mg/kg
subcutaneous) and paracetamol (2 mg/ml, via drinking water)
were administered. Before implantation, the dorsal area of the
mouse at the site where the liver is positioned was shaved using
an electric razor. The RT-Biolumicorder (Lesa-Technology) con-
sists of a cylindrical cage for a single mouse with photon-reflecting
walls, equipped with a photomultiplier tube (PMT), water and food
containers, and a built-in infrared sensor that records locomotor
activity (31, 32). The RT-Biolumicorder records photon and activity
levels in 1-min intervals. The data, which also contain light and food
access information, were saved as text files and later analyzed using
the MATLAB-based "Osiris” software according to (31) or by a
custom-made R script.

Running wheel experiments

12- to 16-week-old male mice were single-housed in cages equipped
with a running wheel and were placed in a light-tight cabinet. After
approximately 10 days of habituation in LD12:12 cycle, the mice
were released in constant darkness for approximately 14 days. For
the running wheel experiments with SCN-specific Smg6 mutant re-
combination, the same protocol was used, followed by 14 days of
postinjection recovery under LD12:12 conditions and a second
period of constant darkness for 14 days [adapted from (68)].

SCN-specific Smg6 mutant mice

Male adult Smg6™*/f°x mice and their control littermates (Smg6*/*)
received bilateral stereotactic injections of CMV.HI-Cre::eGFP (en-
hanced green fluorescent protein) AAV5 particles (Addgene,
105545) into the SCN (400 nl per site). Stereotactic coordinates:
AP = —0.34 (anteroposterior), ML = + 0.4 (mediolateral), and
DV = 5.5 (dorsoventral axis). Ketamine/xylazine (80/12.5 mg/kg)
by intraperitoneal injection was used as anesthetic, and carprofen
(5 mg/kg) was subcutaneously administered for analgesia. In addi-
tion, paracetamol (2 mg/ml) was administered via drinking water 1
day prior and 3 days following the procedure. Animal recovery was
monitored for 10 days. Mice carrying mPer2::Luc (28) in addition to
Smg6ﬂ°"/ﬂ°’C (experimental) or Smg6™* (control) were used for the
bioluminescence recording of SCN slices. For evaluation of viral
targeting, mice were transcardially perfused with PBS followed by
4% paraformaldehyde (PFA). Brains were postfixed overnight in
4% PFA at 4°C and then cryopreserved in 30% sucrose solution in
PBS for at least 24 hours at 4°C (until completely sunk to the bottom
of the container). Cryopreserved brains were frozen and sliced in
25-um-thick sections. Sections were mounted using 4',6-diamidi-
no-2-phenylindole (DAPI)-fluoromount. Fluorescent images
were acquired on a ZEISS Axio Imager.M2 microscope, equipped
with ApoTome.2 and a Camera Axiocam 702 mono. Specific
filter sets were used for the visualization of green (Filter set 38
HE eGFP shift free [E] EX BP 470/40, BS FT 495, EM BP 525/50)
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and blue (Filter set 49 DAPI shift free [E] EX G 365, BS FT 395, EM
BP 445/50) fluorescence. For genomic DNA extraction, fresh brain
tissue was collected in RNAlater solution (Invitrogen) and kept at
4°C for 2 weeks. Then, 250-pm-thick sections containing the SCN
were sliced using a microtome, and the SCN region was microdis-
sected under a fluorescent equipped stereomicroscope (Nikon
SMZ-25).

SCN slices and bioluminescence recording

Following bilateral stereotactic injections as described in the previ-
ous paragraph, approximately 14 days later, the mice were eutha-
nized and the SCN was dissected. Slices of 350 um around the
area of the SCN were prepared with a tissue chopper between
ZT4.8 and ZT6.3; two slices per animal were used. Slicing and re-
covery buffer consisted of N-methyl-p-glucamine (NMDG) artifi-
cial cerebrospinal fluid (aCSF) [85 mM NMDG, 9 mM MgSO,,
2.3 mM KCIl, 1.1 mM NaH,PO,, 0.5 mM CaCl,, 23 mM b-
glucose, 28 mM NaHCO3, 18 mM Hepes, 3 mM Na-pyruvate, 5
mM Na-ascorbate, and 2 mM thiourea; pH 7.3 to 7.4; 300 to 310
mosmol/kg according to (69)]. Each slice was cultured in a single
well of a 24-well plate in 300 pl of culture medium [0.7x MEM
with 1.7 mM MgSO,, 0.8 mM CaCl,, 11 mM b-glucose, 17 mM
NaHCO3, 25 mM Hepes, 0.4 mM GlutaMAX, 17% horse serum,
insulin (0.8 mg/liter), 0.8495 mM ascorbic acid, 1% penicillin/strep-
tomycin, and 100 uM luciferin; pH 7.3 to 7.4; 300 to 310 mosmol/kg
according to (69)]. Viral transduction and accurate injection local-
ization of the SCN were evaluated with fluorescent imaging with
THUNDER Imaging Systems widefield microscope (Leica) on the
eighth day in culture. Circadian bioluminescence was monitored
using PMTs for approximately 1 week at 34.5°C with 5% CO, (in-
house built device).

Protein extraction and Western blot

Total proteins from mouse liver samples were extracted in principle
according to the NUN (NaCl, Urea, Nonidet P-40) procedure (70):
Livers were homogenized in two tissue volumes of 10 mM Hepes
(pH 7.6), 100 mM KCl, 0.1 mM EDTA, 10% glycerol, 0.15 mM sper-
mine, and 0.5 mM spermidine for 20 s using a Teflon homogenizer.
Four tissue volumes of 2x NUN Buffer [2 M urea, 2% NP-40, 0.6 M
NaCl, 50 mM Hepes (pH 7.6), 2 mM dithiothreitol, and 0.1 mM
phenylmethylsulfonyl fluoride; supplemented with complete prote-
ase inhibitor tablets, Roche] were added dropwise, on a vortex with
constant low speed to ensure immediate mixing. Lysates were incu-
bated 30 min on ice and cleared through centrifugation at 10,000
rpm, 4°C, for 20 min. Supernatants were stored at —80°C. Aliquots
of the lysates (20 to 30 pg of protein loaded per lane, either from a
pool of three mice or from individual mice, as indicated) were sep-
arated by SDS—polyacrylamide gel electrophoresis and transferred
to polyvinylidene difluoride membrane using an iBlot 2 gel transfer
device. After blocking (5% milk in Tris-buffered saline with 0.1%
Tween 20 (TBST); 1 hour at room temperature), the membrane
was incubated overnight at 4°C with appropriate dilutions of
primary antibodies, including anti-CRY2 (gift from U. Schibler,
Geneva), anti-ATF5 (Abcam ab184923), anti-HSP90 (Cell Signaling
Technology 4874), p-elF2a (Cell Signaling Technology 9721), and
elF2a (Cell Signaling Technology 9722). Following TBST washing
(three times for 5 min), the membranes were incubated with the ap-
propriate secondary antibody conjugated with horseradish peroxi-
dase for 60 min at room temperature, followed by washing as above.

Katsioudi et al., Sci. Adv. 9, eade2828 (2023) 13 January 2023

Chemiluminescence signal was detected with Supersignal West
Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific,
34095), as described by the manufacturer. The quantification of
bands was performed using ImageJ software.

Supplementary Materials
This PDF file includes:
Figs. S1to S3

View/request a protocol for this paper from Bio-protocol.
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