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Circadian rhythms align physiological functions with the light-dark cycle through oscillatory
changes in the abundance of proteins in the clock transcriptional program. Timely removal of these
proteins by different proteolytic systems is essential to circadian strength and adaptability. Here
we show a functional interplay between the circadian clock and chaperone-mediated autophagy
(CMA), whereby CMA contributes to the rhythmic removal of clock machinery proteins (selective
chronophagy) and to the circadian remodeling of a subset of the cellular proteome. Disruption

of this autophagic pathway /n vivo leads to temporal shifts and amplitude changes of the clock-
dependent transcriptional waves and fragmented circadian patterns, resembling those in sleep
disorders and aging. Conversely, loss of the circadian clock abolishes the rhythmicity of CMA,
leading to pronounced changes in the CMA-dependent cellular proteome. Disruption of this
circadian clock/CMA axis may be responsible for both pathways malfunctioning in aging and for
the subsequently pronounced proteostasis defect.

One Sentence Summary:

Oscillatory lysosomal activity for disposal of the components of the cellular clock is essential to
sustain organismal circadian rhythms

Keywords

aging; chaperones; circadian rhythms; light-dark cycle; lysosomes; proteostasis; protein targeting;
protein degradation; proteomics

Introduction

Circadian rhythms align physiology and behavior with the daily light-dark cyclel-3.

The circadian molecular clock involves a transcriptional-translational feedback loop

that generates rhythmicity?. Translational, post-translational, and epigenetic mechanisms
determine the strength and adaptability of the clock®®. Positive clock elements, CLOCK,
and BMALL drive rhythmic expression of multiple genes, including their negative regulators
PER1/2/3and CRY1/2" and the regulatory stabilizing components Reverband Ror®.
Besides this transcriptional regulation, orderly timekeeping requires timely degradation of
the clock-related proteins®10. Some clock proteins are degraded by the proteasomel1-13 or
macroautophagyl41°. However, additional proteostasis components with different activation
times may be required to attain periodicity.

Here, we focus on chaperone-mediated autophagy (CMA) that drives degradation of
selective proteins into lysosomes®. HSC7017 binds CMA substrates and targets them to the
lysosome-associated membrane protein type 2A (LAMP2A or L2A)18, the CMA receptor
that also mediates substrate translocation into the lysosome?® assisted by luminal HSC702°.
The described timely remodeling of the cellular proteome by CMA16 drove us to explore
circadian properties of CMA and its participation in timely cycling degradation of clock
components.

Nat Cell Biol. Author manuscript; available in PMC 2022 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Juste et al. Page 3

Results

Components of the primary clock undergo cyclic CMA

Most clock proteins bear pentapeptide motifs?1 for CMA lysosomal targeting (Fig. 1a).

We found preferential association of BMAL1 and CLOCK with the sub-group of rat liver
lysosomes active for CMA (contain HSC70 and the CMA substrate GAPDH) isolated during
the cycle’s light phase compared with lysosomes involved in other types of autophagy
(which contain LAMP2A but not HSC70%2 23) (Fig. 1b shows 2.2+0.1 fold and 6.3+0.8 fold
enrichment for BMAL1 and CLOCK in CMA-active lysosomes, respectively and Fig. 1c
shows the percentage of cellular amount of each clock component recovered in lysosomes
after correcting by the total volume of each fraction). REVERBa was also only detected in
CMA-active lysosomes, albeit at lower levels, CRY1 and RORa displayed equal distribution
between CMA-active and -inactive lysosomes and PER1 did not associate with lysosomes
at this time (Fig. 1b,c). Clock proteins with higher association with CMA-active lysosomes
interacted with cytosolic HSC70 and L2A at this time (Extended Data Fig. 1a,b). Using
isolated intact lysosomes i vitroto recapitulate CMA binding and uptake steps?3, we

found that, as other CMA substrates, both BMAL1 and CLOCK can be directly taken up

by lysosomes in a saturable fashion (Fig. 1d) and their lysosomal association is competed

by co-incubation with the CMA substrate RNase A (Extended Data Fig. 1c), supporting

that they all use the same CMA internalization lysosomal complex. Thus, BMAL1 and
CLOCK fulfill all the criteria of CMA substrates: presence of a KFERQ-like targeting motif,
preferential association with CMA-active lysosomes, binding to HSC70 and LAMP2A, and
direct translocation into isolated lysosomes, where other proteolytic systems are absent.

Degradation of several circadian proteins through the ubiquitin-proteasome system?24-28 and
macroautophagy has been reported!415 using different experimental models under various
conditions, thus making difficult to determine /n vivotiming and relative contribution of
each of these proteolytic pathways under physiological conditions. CMA has not been
previously taken into consideration. We analyzed proteasome and lysosomal degradation
of clock elements in liver under physiological conditions (normal 12:12 light and dark
cycle) at different times (Zeitgeber times (ZT)) in mice injected with leupeptin, to

block lysosomal proteolysis, or with the proteasome inhibitor MG262. We confirmed that
leupeptin did not inhibit proteasome-mediated proteolysis (Extended Data Fig. 2a,b) and
MG262 did not modify lysosomal proteolytic capacity (Extended Data Fig. 2c). Degradation
of macroautophagy proteins LC3-11 and p62, used as positive control for leupeptin efficacy,
confirms the previously described higher macroautophagy activity during the light cycle?®.
Lysosomes isolated from livers of mice injected or not with leupeptin allow measuring
degradation of any protein by its increase in the leupeptin-treated lysosomes relative to
untreated. As previously described?3, leupeptin prevents the rapid degradation of HSC70 in
CMA- lysosomes making its levels comparable to CMA+ lysosomes (Extended Data Fig.
2e). We found that the time of maximal lysosomal degradation was different for each clock
component in support of selectivity in their lysosomal targeting (Fig. 1e,f,h,i and Extended
Data Fig. 2f). Lysosomal degradation of BMAL1 and CLOCK was primarily nocturnal,
while degradation of REVERBa, an inhibitor of BMAL1 transcription, is diurnal (Fig.
1e,f,i). CRY1 degradation, also more noticeable in the light period (Fig. 1e,h), occurs likely
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through two autophagic pathways, considering CRY1 equal abundance in CMA-active and
-inactive lysosomes (Fig. 1b,c) and its reported macroautophagy degradation'. CRY2 and
PER1 did not associate with lysosomes throughout the light/dark cycle (Extended Data Fig.
29), and despite RORa cyclic lysosomal association, we did not detect its degradation at
any time (Fig. 1e,i).The distribution of clock proteins between CMA-active and inactive
lysosomes during the dark period (Extended Data Fig. 2h) revealed still a clear preference
of BMAL1 and CLOCK for CMA-active lysosomes, but not of REVERBa (Extended Data
Fig. 2h), in agreement with its higher lysosomal degradation during the day (Fig. 2i).

To confirm the contribution of CMA, we performed similar experiments in CMA-deficient
mice (L2AK0)30. 31 and found lysosomal degradation of CLOCK and BMAL1 completely
abolished in these mice, while other elements are still degraded (Extended Data Fig. 3a-d).
As previously shown for CMA substrates32, a higher fraction of CLOCK and BMAL1
remains bound to HSC70 in L2AKO mice due to the loss of the CMA receptor (Extended
Data Fig. 1b). Interestingly, although REVERBa was still degraded in lysosomes, we
noticed a shift from the light to the dark period (Extended Data Fig. 3d), supportive of its
rerouting from one autophagic pathway to another in these mice.

In contrast to the coupling of nutrition and circadian clock of macroautophagy33, CMA
degradation of clock proteins is not nutritionally regulated as: i) it occurs at different

points through the light/dark cycle; ii) the nocturnal degradation of BMAL1 and CLOCK in
CMA-active lysosomes did not change if animals were starved for 24h (Extended Data Fig.
3e); iii) in animals under time-restricted feeding (fed at two times during the day ZT1-3 and
ZT10-12 both, outside the early nocturnal time when ad /ibitum animals consume 85% of
their food) interaction of BMAL1 with the CMA components (LAMP2A and HSC70) was,
expectedly, higher at the nocturnal time when BMAL1 is preferentially degraded by CMA
(Extended Data Fig. 3f,g).

After inhibition of the proteasome for 12h, minimum time previously reported required to
see degradation of clock proteins34, we did not find proteasome-dependent degradation in
liver for BMALL, RORa, CRY1, or PERL, despite proteasomal inhibition being four times
longer than inhibition of lysosomal proteolysis (Fig. 1g,h,j and Extended Data Fig. 2i,j) .
CRY2 was efficiently degraded by the proteasome in the dark period and CLOCK during
the light period, in contrast with its observed nocturnal lysosomal degradation. REVERBa
was the only analyzed protein that was degraded by both pathways during the light period,
but proteasomal degradation was only a third of the amount degraded by lysosomes (Fig. 1i,j
and Extended Data Fig. 2i). These findings support cooperation among different proteolytic
systems in the control of cycling of hepatic circadian clock proteins and a prominent role for
CMA in the degradation of positive clock elements.

To characterize the pool of BMALL1 targeted for CMA, we analyzed the electrophoretic
properties of BMAL1 that resolved as two bands of different molecular weight (~10kDa
apart). The relative contribution of these two bands to the total cellular BMALL1 content
changed with the light/dark cycle in control mice but displayed attenuated fluctuation

in L2AKO mice livers (Fig. 2a, shown also in Extended Data Fig. 4a,b for comparative
purposes). Extensive phosphorylation (22 sites) of BMAL135 regulates its nuclear shuttling,
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transcriptional and translational activities and stability3¢. Both BMAL1 bands were
recognized by an antibody against pPBMAL1542, a phosphorylation detected in BMALL1
translocating from the nucleus to cytoplasm36 (Extended Data Fig. 4a,b). However, since i)
the most noticeable increase in L2AKO livers was in the top BMAL1 band, and this increase
was less pronounced for pPBMAL1542, and ii) the enrichment of BMAL1 in CMA-active
lysosomes was less evident for pBMAL1542 (Extended Data Fig. 4c), we concluded that this
phosphorylation may not be linked to BMAL1 CMA degradation. Acetylation of BMAL1
in lysine 538, known to modulate its function and phosphorylation state3”:38, did not seem
to contribute to its CMA targeting either since AcBMAL1K338 distributed equally between
CMA-active and -inactive lysosomes (Extended Data Fig. 4c). The higher molecular weight
form of BMAL1 and CLOCK in L2AKO mice livers at ZT11 accumulate preferentially

in the nuclear fraction, but not the cytosol (Extended Data Fig. 4d-f), supporting that the
increase in nuclear BMAL1 was not a mere consequence of higher cytosolic content, but
rather it was the one undergoing CMA degradation. In fact, blockage of nuclear export

with leptomycin in cultured cells significantly reduced the amount of BMAL1 degraded

in lysosomes, mostly of the higher molecular weight form (Extended Data Fig. 4g,h).
Similar nuclear retention upon CMA blockage has been described for another nuclear CMA
substrate, Chk139, in support of tight coordination of nuclear export of CMA substrates with
CMA capacity.

Blockage of CMA disrupts the circadian clock

Livers of the L2AKO mice30: 31 displayed alterations in content and day/light cycle changes
for several of the circadian proteins (Fig. 2a,b). Accumulation of BMAL1 and REVERBa
in CMA-incompetent livers peak at the times of their maximal lysosomal degradation in
wild-type mice (Fig. 1f,i). Levels of PER1 or RORa, that do not undergo CMA degradation
(Fig. 2a,b), were also altered L2AKO mice, likely as secondary result of the transcriptional
dysregulation associated with BMAL1 level changes. L2AKO mice displayed abnormal
transcriptional cycling of circadian genes whose expression has been shown to oscillate in
circadian manner in the liver4? (Fig. 2c).

Failure to degrade the positive circadian elements by CMA was sufficient to alter

circadian protein rhythm. We prevented CMA of the single non-redundant circadian protein
BMALL Jn vitro by mutating its two canonical CMA-targeting motifs (86QIEKR) and
(P1OKVKEQ?214) (double mutant; DM) (Fig. 2d-h and Extended Data Fig. 5). When
expressed in cells, DM-BMAL1 was more stable than WT BMALL1 (Extended Data Fig.
5a,b) due to its lower degradation in lysosomes, as lysosomal abundance (colocalization
with LAMP2) of WT-BMAL1 but not DM-BMAL1 increased upon inhibition of lysosomal
proteolysis (Fig. 2d-f). As expected, DM-BMAL1 also showed reduced colocalization and
binding with HSC70 (Extended Data Fig. 5¢-f). Reduced CMA degradation of DM-BMAL1
associated with higher nuclear levels (Extended Data Fig. 5g,h) and subsequent differences
in levels and cycling for CLOCK and CRY1 in circadian-synchronized cells expressing DM-
BMAL1, when compared to cells expressing WT-BMAL1 (Fig. 2g,h). Changes in cycling
of CLOCK and CRY1 induced by DM-BMAL1 are not due to BMAL1 being required for
their lysosomal degradation, as CLOCK and CRY1 are still detected in lysosomes even in
absence of BMALL (isolated from the inducible Bmali knockout mouse (iBKO)) (Extended
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Data Fig. 5i-1). The increased cycling amplitude of CRY1 (Fig. 2g,h) is likely due to direct
transcriptional upregulation by DM-BMAL1 accumulating in the nucleus (Extended Data
Fig. 5g,h); whereas the consistently lower CLOCK levels and reduced cycling amplitude
(Fig. 2g,h) could be a combination of similar BMAL1-dependent transcriptional changes in
Clock expression, along with the reported effect of BMAL1 on CLOCK protein stability,
whereby heterodimerization CLOCK-BMAL1 drives its degradation®L.

Overall, these findings confirm that failure to degrade BMAL1 via CMA is sufficient to
change the cycling properties of the clock elements, in support of a regulatory role of CMA
on the circadian clock.

Since abundance and cycling levels of BMAL1, CRY1, PER1, and REVERBa were

also altered at specific times in L2AKO mice suprachiasmatic nucleus (SCN), the central
circadian pacemaker (Fig. 3a,b), we compared the circadian behaviors of L2AXO mice in
running wheels under free running period#2. L2AKO mice displayed overall less activity,
decreased robustness of activity rhythm and reduced adaptation in the absence of light cues
(Fig. 3c-f and Extended Data Fig. 6a-d). Instead of shortening and lengthening of the free
running period in continuous dark or light, respectively, the period persisted close to 24h in
LL2AKO mice (Fig. 3e and Extended Data Fig. 6e show weaker periodicity peaks in L2AKO
mice). We found association between the severity of the behavior phenotype in L2AKO mice
and their BMAL1 abundance in SCN (Extended Data Fig. 6f,g). At 4 months, L2AKO mice
do not show yet any overt metabolic phenotype when maintained in normal diet and 12h
light/dark cycle, with an average O, consumption, CO5 production and energy expenditure
comparable to WT (Extended Data Fig. 6h). However, heatmap of the average values for
each experimental group revealed less defined cyclic transitions and failure to adapt to
changes in light:dark periodicity in several metabolic parameters, even more pronounced in
mice maintained in continuous light (Extended Data Fig. 6i).

Since CMA activity decreases with age394344 and CMA-deficient mice phenocopy features
of aging3%: 45-47 we investigated the relation between CMA decline and circadian
disturbances in aging. Added to the circadian behavior similarities between L2AKOC mice
and old WT mice (reduced activity, increased fragmentation, and longer onset time (Fig.
3c-f and Extended Data Fig. 6)), we found that young L2AKO mice recapitulated changes in
clock protein levels of old mice (Extended Data Fig. 7a,b). However, they did not display
the previously reported increase in AcBMAL1K338 with age®® observed in the WT old

mice (3.2+.17 folds increase) further confirming that CMA of BMAL1 is independent of

its acetylation state (Extended Data Fig. 7a). In agreement with reduced CMA of BMAL1
with age, we found a marked reduction in the amount of BMAL1 bound to L2A in old mice
(Extended Data Fig. 7c; note the lower total L2A levels in old mice responsible for reduced
CMA with age®3 44). As for other CMA substrates3t: 32, a higher fraction of BMAL1
remained bound to HSC70 in old mice, due to lower ability of lysosomes to perform CMA
(Extended Data Fig. 7d). Furthermore, young L2AKC mice reproduced part of the described
adaptive reprograming of the circadian transcriptome in liver of old mice*®:50 with 10 out
of 13 selected representative genes with known reprogramed circadian expression in old
mice??: %0 also displaying changes in young L2AKO mice livers (Extended Data Fig. 7e-g).

Nat Cell Biol. Author manuscript; available in PMC 2022 June 07.
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In summary, young L2AKO mice phenocopy aspects of aging circadian dysregulation in
support that age-dependent CMA decline may contribute to circadian disruption in old
organisms.

CMA circadian activity is under BMALL regulation

To further understand the CMA and circadian clock relationship, we analyzed if CMA
activity was circadian taking advantage of the recently developed CMA reporter mouse
model (KFERQ-Dendra mouse)°L. All experiments were performed in the absence of light
cues to determine true circadian changes in CMA activity. Hepatocyte CMA activity,
quantified as the association of the fluorescent CMA reporter with lysosomes (Dendra*
puncta per cell), changed across circadian time (CT; complete darkness) with zenith and
nadir around CT5 and CT17, respectively (Fig. 4a,b), which differs from the reported diurnal
zenith for hepatic macroautophagy®2. Co-staining with the endolysosomal marker LAMP1
confirmed Dendra™ puncta as lysosomes and relatively constant number of hepatocyte
lysosomes throughout the cycle (Fig. 4c). Interestingly, other hepatic cells such as Kupffer
cells (mac2™) displayed relatively constant CMA activity throughout the circadian cycle
(Extended Data Fig. 8a-c).

Disruption of the circadian clock, by crossing the KFERQ-Dendra mice with an inducible
Bmall knockout mouse (iBKO), led to loss of liver rhythmic CMA activity, in support

of bidirectional CMA/circadian clock regulation (Fig. 4a,b and Extended Data Fig. 8d-f).
Dendra expression did not change across time or genotype in support of degradation being
responsible for the observed rhythmicity (Fig. 4d). Lower lysosomal levels of LAMP2A
and HSC70 and of the CMA positive regulator PHLPP1/SCOP (SCN circadian oscillatory
protein) coincided with the nadir of CMA activity at CT17 (Fig. 4e). Unexpectedly,
lysosomal levels of the negative CMA regulator RICTOR were also lower at this time-point
(Fig. 4e), following its overall cellular decrease (Fig. 4f) and suggesting that nutritional and
circadian CMA are under different negative regulators. Changes in lysosomal LAMP2A,
PHLPP1 and RICTOR levels are unique for the CMA-active lysosomes and differ from
those in other lysosomal subpopulations (Fig. 4g and Extended Data Fig. 8e,f). Changes in
CMA effectors were almost abolished or followed a reverse pattern in iBKO livers (Fig.
4f,g and Extended Data Fig. 8f), where interestingly, overall levels of LAMP2A (but not
LAMP1) and PHLPP1 were consistently higher than WT (Fig. 4f,g and Extended Data Fig.

8f).

Contrary to the predominantly posttranscriptional regulation of CMA by nutrients®3,
circadian CMA activity seems to be transcriptionally regulated. Analysis of expression

of genes involved in CMA®# from an RNA-Seq dataset of livers from mice kept under
constant darkness®® confirmed cycling properties for both effectors and regulators (Fig.
5a-e). Decreased transcription of specific effectors, such as PHLPPI, Racland LampZa
(but not other LampZ2isoforms or Lamp that are not required for CMA) (Fig. 5a-d) and
upregulation of two negative CMA regulators (RARa and AKTI) (Fig. 5e,f) precedes the
CMA activity decrease at CT17. Using a recently developed algorithm that predicts the
CMA output from the transcriptional expression of each component of the CMA network*?,
we confirmed cycling of the CMA transcriptional program whose changes precede (about
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4h) (Fig. 5g) changes in CMA activity (Fig. 4a,b). The impact of BMAL1 ablation on

the CMA transcriptional network, was not homogeneous, with some CMA components
displaying changes in transcriptional amplitude and/or a temporal shift while others not
being significantly altered (Fig. 5a-f). Loss of rhythmicity of CMA activity in the liver of

the iBKO mice (Fig. 4a,b) is likely a consequence of this transcriptional desynchrony among
positive and negative regulators of CMA that results in attenuated CMA transcriptional score
right before the maximal CMA activity peak (Fig. 5g). Although CMA components are still
transcribed in iBKO mice, and some of them even at higher levels, disruption of the CMA
machinery stoichiometry (also supported by the protein data in Fig. 4g), likely leads to CMA
rhythmicity loss.

We found that BMALL is a negative regulator of /ampZ2a expression, as it repressed /ampZa
transcription in cells expressing a luciferase reporter for the Lamp2 promoter3® (Fig. 5h).
To identify the mediators of this repression, we analyzed data from previous ChipSeq
experiments at different time points®6 and found that the negative regulators PER1 and
PER2, whose expression depends on BMALZ1, bind the LampZ2 locus at the nadir of lower
expression of LampZa (Fig. 5i; CRY2 binding is shown for comparison). Furthermore,

we found that BMAL1 binds to the locus of the retinoic acid receptor alpha (Rara), a
well-known negative regulator of CMA5’, early in the light cycle, which coincides with the
peak of maximum RARa expression and precedes decrease in LampZa expression (Fig. 5j).
Our findings highlight that BMALL1 regulates the circadian changes in CMA activity through
cyclic repression of LampZa, the limiting component of this pathway.

We found that the circadian properties of CMA are tissue and cell type-dependent. Instead
of the CT5 zenith of CMA in hepatocytes, maximal CMA activity was detected at CT23

in kidney tubular cells and cardiac tissue (Fig. 6). Glomeruli CMA activity was instead
negligible throughout the light/dark cycle. As in hepatocytes, CMA cycling was independent
of changes in the number of endolysosomes in these tissues (Fig. 6d,h). However, we
identified tissue-dependent differences in the fraction of total lysosomes engaged in CMA
(LAMP1 vesicles also positive for KFERQ-dendra) (Fig. 6j,k). The highest percentage of
CMA-active lysosomes was detected at their peaks of maximal CMA activity, whereas
percentage of CMA-active lysosomes in heart remained unchanged during the light/dark
cycle (Fig. 6j,k). Liver and kidney may reach their maximal CMA activation through
recruitment of other lysosomes to perform CMA, as described before in other conditions®8,
but heart may rely more on increased activity per lysosome. We confirmed that BMAL1

was also required to maintain the circadian properties of CMA in kidney as kidneys from
iBKO mice showed attenuated changes in CMA activity (Fig. 6b), and reverse patterns in the
changes of cellular levels of CMA components such as LAMP2A and PHLPP1 (Fig. 6e and
Extended Data Fig. 8g).

The circadian CMA-dependent sub-proteome

To gain a better understanding of the functional impact of CMA cycling and place it in

the context of other types of lysosomal degradation, we performed quantitative differential
proteomics of lysosomes isolated from livers of WT mice in absence of light cues at the
points of maximal (CT5) and minimal (CT17) CMA activity, and from L2AXO mice, where
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we have previously demonstrated that lysosomal properties (integrity, pH, enzymatic load)
and activity of other lysosomal proteolysis pathways (macroautophagy, endocytosis) remain
fully functional®L. Lysosomal protein degradation was detected as increase (=1.5 fold) in
protein abundance in lysosomes upon leupeptin injection and CMA substrates identified as
those depending on L2A for this degradation.

Out of the 2,579 proteins detected in lysosomes, 1,052 proteins were lysosomal substrates
and of these, 12% did not show cyclic degradation, 47% were degraded preferentially at
CTO5 (with 34% only degraded in CTO05) and 41% at CT17 (with 35% only degraded

at CT17) (Fig. 7a,b). Despite similar in number (Fig. 7c), the type of proteins degraded

in lysosomes in both phases was, for the most part, very different. STRING and IPA
analyses demonstrated enrichment of proteins involved in cell adhesion/matrix remodeling,
biliary secretion and antigen presentation among lysosomal substrates lacking a circadian
pattern, whereas proteins involved in regulation of protein synthesis (protein processing in
the ER, ribosome), coagulation and endocytosis were degraded at the early CT, and those
involved in glucose metabolism, ferroptosis, and ubiquitin-proteasome pathway at the late
CT (Fig. 7d and Supplementary Tables 1-3). Lysosomal constituents (detected in lysosomes
but not degraded) also displayed cyclic changes in their abundance (Fig. 7e,f). Levels of
some hydrolases (proteases, lipases, glycosidases), membrane proteins, associated proteins
involved in vesicular trafficking, and components of the mTOR-lysosomal regulatory
complex were higher early in the circadian cycle (Fig. 7g); whereas other enzymes,
chaperones, and components of the actin cytoskeleton were detected at higher levels in
CT17 (Fig. 7h and Supplementary Table 4).

Comparison with lysosomes from L2AKO mice to identify CMA substrates (after confirming
clustering of animals by genotype, treatment, and time in the circadian cycle (Extended

Data Fig. 9a)), revealed similar percentage of lysosomal resident proteins in both WT

and L2AKO mice (Extended Data Fig. 9b). Proteins no longer degraded in L2AKO mice
lysosomes (CMA substrates) were almost half of the proteins with circadian lysosomal
degradation, but only a small fraction of those without circadian preference (Fig. 8a,b,
Supplementary Tables 5, 6 and Extended Data Fig. 9¢). CMA blockage induced changes

in degradation rates and in the timing of degradation in a large fraction of proteins (Fig.

8c,d and Extended Data Fig. 9d,e). We found that 91% of proteins no longer degraded

in lysosomes upon CMA blockage contained CMA-targeting motifs, but while canonical
motifs (built in the amino acid sequence) accounted for more than half (54%) of motifs in
CMA substrates with no circadian preference, for those with diurnal or nocturnal preference
in CMA degradation, only 24% were canonical motifs and 76% were generated through
posttranslational modifications (phosphorylation and acetylation in the day group and mostly
phosphorylation in the night group).

Added to proteins no longer degraded in lysosomes from L2AKO mice, we found a subset of
proteins that displayed accelerated degradation and a third group degraded at similar rates,
but at a different time (equally degraded throughout the cycle (19%) or shifted between
nocturnal and diurnal degradation (7%)) (Fig. 8c, Supplementary Tables 6, 7 and Extended
Data Fig. 9e)). Changes in rate and timing of lysosomal degradation and the percentage of
proteins in each group are summarized in Fig. 8d, and comparison of proteins differentially
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degraded in the early or late part of the circadian cycle between WT and L2AK© mice in Fig.
8e,f. These findings support that upon CMA failure, substrate proteins may be rerouted to
other autophagic pathways affecting both their rate and time of degradation.

Enrichment analysis of GO terms on proteins no longer degraded in lysosomes in CMA-
incompetent mice revealed contribution to carbohydrate and lipid metabolism, regulation of
the ER-Golgi secretory pathway/endocytosis, and to actin cytoskeleton and focal adhesion
(Fig. 8g). CMA substrates preferentially degraded during the early part of the circadian
cycle included a large group of metabolism-related proteins3L, and proteins involved

in vesicular transport, cell-to-cell adhesion, and proteolysis (mitophagy and cytosolic
endopeptidases) (Fig. 8h). Late in the circadian cycle, CMA substrates included proteins
involved in metabolism, but mostly protein processing/translation and tRNA metabolism, in
cellular response to stress, regulation of calcium homeostasis and regulation of endocytosis
(Fig. 8i). A small group of proteins involved in Golgi homeostasis displayed L2A-dependent
degradation throughout the circadian cycle (Fig. 8j). Proteins in which CMA blockage
imposed a shift in their time of degradation were mostly involved in different steps of
protein biology (translation, folding, processing in the ER, and proteasome) (Fig. 8k).

Some proteins not degraded in lysosomes in WT mice become lysosomal substrates in
L2AKO mice; their degradation may be secondary to cellular consequences of CMA
blockage such as, increased oxidative and ER stress and compensatory upregulation of
macroautophagy31:59 since they fell in those categories (Fig. 81). Indeed, we found that

the reported increased macroautophagy activity in L2AKO mice livers3! was due to its
activation during the night phase, a time when it is normally less active (Extended Data

Fig. 9f,g). Although the 26S proteasome catalytic activities remained unchanged in L2AKO
mice, we noticed discrete but consistent changes in the 20S proteasome caspase-like activity
(Extended Data Fig.10a,b). Rerouting in L2AKO mice of some of the proteasome subunits
normally degraded by CMA to other degradation pathways (shown in Extended Data Fig.
10c-g) could be behind these changes. Circadian changes of some of the lysosomal resident
proteins, mostly in enzymes, were also altered and instead of decreasing in abundance in the
late phase of the circadian cycle, they persisted elevated throughout (Fig. 7i-I).

Discussion

We have identified reciprocal regulation between CMA and the circadian clock, whereby
CMA activity is temporally orchestrated by circadian rhythm and, conversely, degradation of
circadian proteins by CMA influences circadian output.

Timely removal of clock proteins by CMA, in coordination with other proteolytic
systems11:14 appears necessary for alignment of the internal timekeeping system to the
light:dark environment50. Differences in timing and regulation of the proteolytic systems
may drive clock proteins targeting to them. For example, BMAL1 degradation by CMA
occurs cyclically in a nutrition-independent manner and different time than its /n vitro
degradation by macroautophagy during ferroptosisl®. Upon failure of one degradation
pathway, clock proteins are still eliminated through re-routing to a different one, but this
leads to a shift in their degradation timing. This temporal shift in degradation of the clock
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components, explains why even in absence of CMA we still observe some level of cycling of
the clock elements although with abnormal cycling amplitude.

Our study reveals that CMA loss changes abundance of some cellular proteins which should
affect their downstream functions. Other substrate proteins do not accumulate upon CMA
blockage due to re-routing and compensation among autophagic pathways31:66.67 put the
shift in degradation time, will terminate their function at an abnormal time with subsequent
cellular negative impact. For proteins usually present in large protein complexes, where only
subunits bearing KFERQ-like motifs undergo CMA degradation’?, we propose that untimely
degradation of those subunits by other proteolytic systems, may alter stoichiometry of the
assembled complexes and, consequently, their functionality.

The tight interplay identified in this work between CMA and the clock machinery could
explain some of the similarities between CMA-deficient mice and Bmal1KO mice, such as,
the metabolic dysregulation that leads to changes in glucose metabolism and contributes to
both models becoming insulin-insensitive and glucose-intolerant 68,

CMA activity declines with age and in neurodegenerative diseases**61.62 all conditions
associated with circadian abnormalities®3-6°. The discovery that CMA contributes to
regulate peripheral and central circadian clock identifies it as a possible future therapeutic
target to restore normal rhythms in old organisms and prevent the detrimental health effects
associated with circadian rhythm fragmentation.

Online Methods

Animals

All animal procedures were performed under established animal study protocols approved
by the Institutional Animal Care and Use Committee at the Albert Einstein College of
Medicine. Four months male Wistar rats (Charles River Laboratories) and C57BL/6J male
mice (4m and 24m from the NIA Aged Rodent Colony) were used. L2A knockout mice
were generated by insemination of a wild-type female with spermatozoids from L2A floxed
to excise this gene in all tissues in the offspring3%-31. Congenic C57BL/6J background
KFERQ-Dendra mice were created by back-crossing for more than 10 generations the
original FVB KFERQ-Dendra mice>! generated by donor egg injection in wild-type FVB
mice using the pRP.ExSi plasmid backbone with the insert coding for 11 amino acids
including the KFERQ sequence of RNaseA in frame with the sequence of Dendra2 under
the hybrid promoter CAGG. To generate BMAL1KO mice expressing KFERQ-Dendra,
Bmal17f mice (Jackson stock number: 007668) crossed with the tamoxifen-inducible Cre
(R26-CreERT2, Jackson stock number: 008463) were crossed with KFERQ-Dendra mice.
At 3m of age (unless otherwise specified), Bmal1!f- EsrCre-KFERQ-Dendra mice were
treated with 4 intraperitoneal (i.p.) injections of tamoxifen 20mg/kg b.w. on alternate days to
knockout Bmall (iBKO). Bmal1f KFERQ-Dendra littermate mice treated with tamoxifen
under the same conditions served as controls (Ctrl).

All rodents were fed ad /ibitum and maintained at 19-23°C 30-60% relative humidity and
timer-controlled light/dark cycles (in not otherwise stated, cycles were 12h light: 12h darks).
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For mice kept in regular light/dark cycle timing of experiments are indicated using Zeitgeber
time (ZT) based on the light on and off time of the room. For mice kept in constant
conditions (either continuous light L:L or continuous dark D:D), times are reported using
the circadian time (CT). Rats were fasted with water ad /ibitum for 48h before fractionation
experiments. For circadian studies, mice were euthanized, and tissues collected every 6h for
a 24h period. For the time points during the dark period, mice were dissected in a dark
room under dim red light to avoid disturbance of circadian rhythms. To study lysosomal
protein degradation /7 vivo, mice were i.p. injected with a single dose of leupeptin (Sigma
L5793; 40mg/kg b.w. in saline (0.9%NacCl)) or only saline and tissues were collected 3h
after the injection. To study proteasome-dependent degradation /77 vivo, mice were i.p.
injected with a single dose of MG262 (APExBIO A8179, 5mmol/kg b.w.) dissolved in 60%
dimethyl sulfoxide (DMSO) or only DMSO (vehicle) and tissues were collected 12h after
the injection. Animals were randomly attributed to the time point groups and to the protease
inhibitors and saline groups.

For the isocaloric Twice-a-Day Feeding (ITAD)’! mice were subjected to daily feeding for
a period of 6 months. ITAD-fed mice consumed the same amount of food as the control

ad libitum (Ad-lib)-fed mice but were acclimatized to only eat during the two-2h feeding
windows each day, i.e., between 8-10am (ZT1-3) and 5-7pm (ZT10-12). Isocaloric food
consumption between both groups was ensured by determining that the amount of food
consumed within the two-2h windows by ITAD mice was equal to the food consumed by the
Ad-lib group in the preceding 24h.

Behavior rhythm monitoring and metabolic phenotyping

Circadian activity measurements were obtained with running wheel cages in ventilated,
light-sealed cabinets (Actimetrics). Cages contained infrared photo beam detectors to

record wheel rotations. Light scheduling was controlled by the Clocklab software suite
(Actimetrics, v.5), which also was used to compile data sampled at 5min intervals.
Actograms were acquired using Actiview Biological Rhythm Analysis software (Mini-
Mitter, v.1.2). Metabolic measurements (oxygen consumption, carbon dioxide production,
food intake, and locomotor activity) were obtained continuously every 8m using open-circuit
indirect calorimetry system (Comprehensive Lab Animal Monitoring Systems; Columbus
Instruments) for 8 days in the following sequence, 2 days light:dark (LD), 2 days continuous
dark (DD), two days LD and 2 days continuous light (LL). Where indicated, 2 days in a
normal LD cycle and 8 days in LL were used.

Cell culture and Treatments

Mouse fibroblasts (NIH3T3; American Type Culture Collection CRL-1658) and Mouse
Embryonic Fibroblast (MEF) were cultured to full confluence in a 37°C incubator with 5%
CO3 in complete Dulbecco’s modified Eagle’s medium (DMEM, Sigma) supplemented

with 10% heat-inactivated newborn calf serum (HyClone), 1% penicillin/streptomycin/
fungizone (Invitrogen). Cells were transfected using Lipofectamine 3000 (ThermoFisher
Scientific), and where indicated, synchronized using 100nM dexamethasone’2. In the protein
degradation flux assays, cells were treated with lysosomal inhibitors ammonium chloride
(20mM; American Bioanalytical) and leupeptin (100uM; Fisher Scientific) for the indicated
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times. In the luciferase- LampZ2a promoter assay, BMAL1-deficient MEFs were subjected
to nucleofection using the Amaxa electroporation system with the T20 program and
Nucleofector 2 formulation specific for MEFs (Lonza). MEFs were co-transfected either
with or without 2ug of a BMALL expression vector along with 2.5ug of pGL3 Luciferase
reporter vector containing bases —500 to —1700 of the murine Lamp2 promoter4’ and
0.5ug of Renilla Luciferase plasmid to serve as internal control. All cells were harvested
16h post-transfection and assayed for Luciferase reporter activity with a Dual Luciferase
Assay System (Promega) on a Lumistar Galaxy microplate-reading Luminometer (BMG
Technologies) with each lysate loaded and read in triplicate.

Cellular subfractionation

Antibodies

Mouse and rat liver lysosomes were isolated after homogenization and differential
centrifugation to obtain a light mitochondrial/lysosomal fraction that was then subjected

to ultracentrifugation in a discontinuous metrizamide density gradient to separate CMA-
active and CMA-inactive lysosomes23. Lysosomal integrity after isolation was determined
by measuring enzymatic B-hexosaminidase activity in the extralysosomal media’3. Cytosol
and endoplasmic reticulum (ER) were obtained after centrifugation of the supernatant of
post-light mitochondrial/lysosomal fraction sedimentation at 100,000g for 1h at 4°C. The
supernatant was the cytosolic fraction, and the pellet was resuspended in 0.25M sucrose and
collected as ER fraction. Nuclear fractions were prepared from liver homogenates pelleted
at 6,800g for 5min and resuspended in 5ml of lysis solution 1 (50mM Tris-HCI pH7.6,
150mM NaCl, 1ImM EDTA, 1mM EGTA, 10% Glycerol, and 0.5% NP-40). The resulting
suspension was incubated on ice for 15min, centrifuged at 1,000g at 4°C for 5min, and the
pellet washed with 0.25M sucrose twice to remove potential cytoplasmic contaminants. The
pellet was then resuspended in lysis solution 2 (50mM Tris-HCI pH7.6, 500mM NaCl, 1mM
EDTA, 1ImM EGTA, 10% Glycerol, and 1% NP-40) and sonicated 3 times at 15% power for
5sec. The resulting solution was then centrifuged at 16,000g for 10min and the supernatant
collected as the nuclear fraction. All solutions were supplemented with protease inhibitor
(10mM leupeptin, 10mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 1mM
pepstatin, 100mM EDTA) and phosphatase inhibitor cocktails 2 (Sigma P5726) and 3
(Sigma P0044). Recovery of specific proteins in each fraction was calculated by determining
the total amount of each protein in the homogenate and in the isolated fractions (volume x
protein concentration (ug/ul)) x (densitometric value/pg protein loaded), and then calculating
the percentage of the total amount of protein in the homogenate detected in each fraction.

The dilutions and sources of antibodies used for immunaoblot (IB), immunoprecipitation (IP),
and immunofluorescence (IF) in this study are summarized in Supplementary Table 9.

Immunoblot and co-Immunoprecipitation

Cell lysates were prepared in RIPA buffer (150mM NaCl, 1% NP-40, 0.5% NaDoc,

0.1% SDS, 50mM Tris pH8) containing protease and phosphatase inhibitors. Protein
concentration was measured by the method of Lowry using bovine serum albumin as a
standard’4 and samples were subjected to SDS-PAGE and immunoblotting after transfer
onto nitrocellulose membranes using standard procedures. Proteins were visualized by using
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peroxidase-conjugated secondary antibodies and chemiluminescent reagent (PerkinElmer)
in a G-box Chemi XX6 (Imagen). Unsaturated images were used for densitometry with
the ImageJ (NIH) software (v.2.1.0). When all samples did not fit in the same gel, all

gels included 2 lanes (one on either side) with the same sample across gels. The average
intensity of these 2 flanking lanes in each blot was used to calculate the factor by which all
the lanes in a blot were multiplied to normalize with other blots. In addition, different
grouping of samples and loading order were used in experiments from different days

to confirm that comparisons were valid. For co-immunoprecipitation, isolated lysosomes
were resuspended in co-immunoprecipitation (co-1P) buffer (20mM MOPS, 0.3M sucrose,
0.5% NP40 pH7.3), incubated on ice for 10min and centrifuged at 16,0009 for 15min at
4°C. The solubilized proteins were incubated with the indicated primary antibodies for 4h
under continuous rotation. Protein A/G Plus agarose (Santa Cruz, sc-2003) was added for
an additional 1h, and after extensive washing, immunoprecipitated proteins were eluted.
Co-immunoprecipitation was performed in cell lysates, homogenates and cytosolic tissue
fractions using 25mM Tris (pH7.2), 150mM NaCl, 5mM MgCly, 0.5% NP-40, 1 mM DTT,
5% glycerol and protease inhibitors using standard procedures. Equal protein amount of
each fraction was incubated with primary antibody (2ug) overnight followed by incubation
with protein A/G Plus agarose as mentioned above.

CMA in vitro transport assay

Lysosomal binding and uptake of recombinant GST-BMAL1 (Novus Biologicals
H00000406) and GST-CLOCK (Novus Biologicals H00009575) were performed using an
in vitro system with isolated lysosomes’®. Briefly, lysosomes preincubated or not with

a cocktail of protease inhibitors for 10min on ice were incubated with the recombinant
proteins in 20mM MOPS, 0.3M sucrose buffer for 20min at 37°C. At the end of the
incubation, lysosomes were collected by centrifugation and subjected to SDS-PAGE and
immunoblotting. Protein associated with untreated lysosomes represented binding and
uptake was calculated as the difference of protein present in lysosomes treated with protease
inhibitors after discounting binding.

Proteolytic activities

Proteolytic capacity of isolated lysosomes was assayed in an acid buffer (L0OmMMES
pH5.5) after disrupting the lysosomal membrane with 0.01% Triton by incubating them
with a pool of radiolabeled cytosolic proteins’®. Proteasome caspase-like and chymotrypsin-
like activities were assayed using fluorescence probes. Liver homogenates (0.01-0.05mg
proteins) diluted 1:2 in reaction buffer were incubated with AMC-tagged fluorogenic
peptides specific for each activity at 37°C for 5min. Fluorescence readings were taken in
10min intervals for 2h using 350nm excitation and 440nm emission wavelengths. An AMC
standard fluorescence curve was used to convert fluorescence units to free AMC moles. In
some wells SDS was added to differentiate 20S and 26S activities and MG115 to discard
non-proteasome degradation of the probes.

Site-directed mutagenesis

Mutagenesis was performed on BMALL1 in the pcDNA3 backbone (pBMPC3)76
from Addgene (plasmid 31367) using the Q5 Site-Directed Mutagenesis Kit (New
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England BioLabs, E0552S). To change QIEKR to AAEKR and KVKEQ to KVKAA,

the following 40 base pair primers were used to amplify pPBMPC3: Site 1:

QB86A; I87A: F-5’'-GCTGAAAAGAGGCGTCGGGACAAAATGAACAGTTTCATTG-3’
and R-5-GGCACTGTGGGCCTCCCTTGCATTCTTGATCCTTCCTTGG-3’ and Site 2:
E213A; Q214A: F-5’-GCCCTATCTTCCTCGGACACTGCGCCCCGGGAGCGACTCA-3’
and R-5"-TGCCTTAACTTTGGCAATATCTXTTTGGATGCAGGTAGTCA-3’. 2X KLD
Reaction Buffer (2.5pl), PCR reaction (0.5ul), distilled water (1.5ul) and KLD Enzyme

Mix (0.5ul) were incubated at room temperature for 5min and used for the transformation of
E. coli DH5alpha using standard procedures.

RNA Isolation and gPCR Analyses

Total RNA was isolated with the Trizol Reagent (Invitrogen) and using the RNeasy

Plus kit (Qiagen) according to manufacturer’s instructions. Genomic DNA was excluded
using a gDNA Eliminator Spin Column (Qiagen). Total RNA was reverse transcribed into
cDNA using Superscript 1l (Invitrogen), and quantitative RT-PCR analyses was performed
using Power SYBR Green PCR Master Mix (Applied Biosystems) on a StepOne Plus
Real-Time PCR System (Applied Biosystems) using the following forward (F) and reverse
(R) primers in Supplementary Table 10. Thermal cycling conditions used were according
to the instruction of the SYBR Green mix protocol, and relative mRNA abundance was
calculated using the comparative delta-Ct method with TATA-binding protein as reference
gene. Resulting product specificity was confirmed by melting curve analysis, and primer
pair efficiency was calculated by generating a standard curve using serial dilutions of
standard. The mRNA expression in experimental samples was represented as fold-change
compared to expression in controls (assigned a value of 1). All reactions were performed in
triplicate. CMA activation score*® was calculated after attributing a weight and directionality
to the 19 components of the CMA network>*. The score was calculated as the weighted/
directed average of expression counts of every element of the CMA network.

Cell imaging
Cells grown on coverslips were fixed for 4min with ice-cold methanol to preserve
membrane-associated protein and precipitate the soluble fraction, permeabilized and
blocked with 1% BSA, 0.01% Triton X-100 in phosphate buffer saline (PBS). Incubation
with primary and secondary antibody conjugated to Alexa Fluor 488 or Alexa Fluor
647 (Invitrogen) in 0.1% BSA in PBS was performed at room temperature for
1h each. Coverslips were mounted in DAPI-Fluoromount-G (Southern Biotechnology)
(ThermoFisher Scientific) to stain the nucleus. Where indicated nuclei were highlighted
with Hoechst. Images were acquired with a Leica TCS SP8 (Leica Microsystem) with a
x63 objective and 1.4 numerical aperture using the Leica LAS-X software (v.3.7.4) for
image acquisition. All images were prepared using Adobe Photoshop CS3 (Adobe Systems,
v.22.5.1) and analyzed with ImageJ (NIH) software (v.2.1.0). The JACoP plugin in ImageJ
was used to determine the percentage of co-localization after the thresholding of individual
frames and the Colocalization Finder function was used to mark colocalized pixels’’.
Normal IgG control and secondary antibody only were used as control.
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Perfusion, fixation and sectioning of tissues

Mice were perfused with sterile 0.9% saline, and tissues were harvested and fixed using
buffered zinc formalin (Z-FIX; Annatech Ltd., 171) at room temperature overnight. For
brain sections, tissues were placed in 30% sucrose in PBS, snap-frozen in 2-methylbutane
(Sigma) and stored at —80°C. Brain tissues were sectioned into 50um slices with a Leica
CM3050s cryostat, and free-floating slices were preserved in 0.1% (w/v) sodium azide at
4°C, until immunostaining. Liver, heart and kidney tissues, were fixed overnight and then
stored in 0.1% (w/v) sodium azide in PBS at 4°C. Sections (40um) were cut with a Leica VT
1000S vibratome.

Immunostaining of tissues, confocal laser scanning microscopy, and quantitative analysis

All tissue sections were washed 3 times in PBS (5min each) and permeabilized and blocked
in 3% BSA, 0.5% Triton X-100 in PBS for 2h at RT. Slices were incubated overnight

at 4°C with primary antibody followed by 1h with secondary antibodies conjugated with
Alexa Fluor 488 or 647 (Invitrogen) diluted in 1% BSA, 5% NGS, 0.3% Triton X-100

in PBS. After PBS washing, slides were counterstained with Hoechst 33342 (1:2000;
Invitrogen, H3570) for 20min at RT. Sections incubated with 1gG control or secondary
antibody alone were used as control. Confocal images were acquired using a Leica TCS
SP8 (Leica Microsystem) microscope using a 10x (NA 0.40) objective in the case of the
SCN brain regions and 40x (NA 1.3) objective to maximize puncta visualization in tissues
from KFERQ-Dendra mice or immunostained for LAMPL1. Images were taken in the same
organ regions (hepatic lobule from the central vein for liver, cortical region for kidney

or left ventricle wall for heart). Exposure and image acquisition settings were identical

for all comparable sections. Narrow-band filters were used to avoid autofluorescence.
Quantification was performed in serial confocal stacks maximum projected/flattened into
one 8-bit 2D images using FIJI/ImageJ software (NIH) (v.2.1.0). To quantify fluorescent
puncta in livers of KFERQ-Dendra mice, cell profiles were outlined with a trace tool and
background fluorescence was discounted using a threshold tool. In the case of whole tissue
sections, average number of Dendra-positive puncta were quantified per tissue area. When
cell profiles were traced, Dendra-positive puncta were quantified per cell area. To ensure
valid comparisons of signal intensities among various images, all images and all colors were
processed using identical software settings. Dendra-positive puncta were not detectable in
non-transgenic mice®l.,

Proteomic analysis

Lysosome samples were solubilized in 5% SDS, 50 mM TEAB pH7.55 and protein
concentration determined with the micro BCA method with BSA as standard. Then, 10ug of
each sample were digested using Protifi™ S-Trap™ Mini Spin Column Digestion Protocol.
Briefly, proteins were reduced and alkylated (15mM TCEP, 25mM CAA) 1h at 45°C in the
dark, SDS removed using 90% methanol in 100mM TEAB and proteins were digested

with 50pl of trypsin in 50mM TEAB pH7.55 (Trypzean, Sigma, protein:enzyme ratio

1:25, 16h at 37°C). Resulting peptides were eluted from S-Trap columns, speed-vac dried,
re-dissolved in 25pl of 0.5% formic acid and analyzed without further desalting. LC-MS/MS
was done by coupling an UltiMate 3000 RSLCnano LC system to a Q Exactive HFx mass
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spectrometer (Thermo Fisher Scientific). Two microliters of peptides were loaded into a
trap column (Acclaim™ PepMap™ 100 C18 LC Columns 5um, 20mm length) for 3min

at a flow rate of 10ul/min in 0.1% FA. Then, peptides were transferred to an EASY-Spray
PepMap RSLC C18 column (Thermo) (2um, 75um x 50cm) operated at 45°C and separated
using a 60min effective gradient (buffer A: 0.1% FA; buffer B: 100% ACN, 0.1% FA)

at a flow rate of 250nL/min. The gradient used was, from 4% to 6% of buffer B in

2min, from 6% to 33% B in 58min, plus 10 additional minutes at 98% B. Peptides were
sprayed at 1.8KV into the mass spectrometer via the EASY-Spray source and the capillary
temperature was set to 300°C. The mass spectrometer was operated in a data-dependent
mode, with an automatic switch between MS and MS/MS scans using a top 12 method
(Intensity threshold = 3.6e5, dynamic exclusion of 20 sec and excluding unassigned charges,
+1 and > +6). MS spectra were acquired from 350 to 1400m/z with a resolution of 60,000
FWHM (200m/z). lon peptides were isolated using a 1.6 Th window and fragmented using
higher-energy collisional dissociation (HCD) with a normalized collision energy of 27.
MS/MS spectra resolution was set to 15,000 (200m/z). The ion target values were 3e6 for
MS (maximum IT of 25ms) and 1e5 for MS/MS (maximum IT of 22msec). Raw files

were processed with MaxQuant (v 1.6.7.0) using the standard settings against a mouse
protein database (UniProtKB/TrEMBL, 53449 sequences) supplemented with commonly
found laboratory contaminant protein sequences. Carbamidomethylation of cysteines was set
as a fixed modification whereas oxidation of methionines and protein N-term as variable
modifications. Minimal peptide length was set to 7 amino acids and a maximum of

two tryptic missed-cleavages were allowed. Results were filtered at 0.01 FDR (peptide

and protein level). For label free quantification match between runs option was enabled.
Afterwards, the “proteinGroups.txt” file was loaded in Prostar (v1.14) using the intensity
values for further statistical analysis. A global normalization of log2-transformed intensities
across samples was performed using the LOESS function. Missing values were imputed
using the algorithms SLSA (for partially observed values) and DetQuantile (for values
missing on an entire condition). Differential analysis was done using the empirical bayes
statistics limma. Proteins with a p-value < 0.05 and a log2 ratio filling the criteria explained
in the main text were defined as regulated. The FDR was estimated to be below 5% by
Benjamini-Hochberg. Pathway analysis was performed using the IPA software (Ingenuity
Systems, v.68752261) and STRING database (https://stringdb.org/; v.11.0 and v.11.5).

Statistics and reproducibility

All numerical results are reported as mean + SEM from a minimum of 3 different
experiments (exact number is indicated in the legend to the figures). Tissue collection and
isolation of organelles were performed on different days to evaluate reproducibility of the
findings, but when possible, samples from different days were immunoblotted in the same
membrane to allow for better comparison. Whenever that was not possible, a normalizing
sample lane was included in all membranes as described in the previous section. Basic

data handling was done in Microsoft Excel. In cases of single comparisons, the statistical
significance of the difference between experimental groups was determined using two-tailed
unpaired Student’s t test with the Prism GraphPad software (v.8 and v.9). In cases of
multiple means, comparisons by one-way analysis of variance (ANOVA) followed by the
Bonferroni’s or, where indicated, Tukey’s, Dunnett’s or Sidak’s post-hoc tests were used to
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determine statistical significance. For studies on protein binding and uptake in the /n vitro
reconstituted system and of degradation rate (expressed in fold changes relative to untreated)
a one sample t and Wilcoxon test was used setting the hypothetical value to 1. Differences
were considered statistically significant for p <0.05 except for the proteomic analysis where
only values with p <0.01 in the compared groups were used. Power analysis was used to
determine the number of animals required for each analysis based on the average values

of enrichment and recovery for the specific fractions using endogenous markers for each
compartment (for the isolated fractions), the previous differences that we have found when
manipulating CMA in the /n vitro system (for the analysis of CMA components/activity),
and observations of circadian behavior of the same strain of mice previously reported

(for circadian metabolic studies). With the calculated sample size and a two-sided type 1
error rate of 5% it was predicted >80% power to detect effects >1.5 in the parameters
analyzed. None of the animals were excluded from the study. No data were excluded for the
analysis of any experiment included in this work. For the studies involving animals receiving
inhibitors of lysosomal or proteasomal degradation, or those injected with tamoxifen for
gene deletion, animals were randomly allocated to vehicle or drug groups according to their
genotype using the "SELECT BETWEEN RANGE" function in Microsoft Excel. For the
rest of animal studies animal randomization was not required because all animals were
subjected to the same interventions (changes in light:dark cycle) and groups were only based
on genotype. Breeding was set to have in all litters control wild type and knock-out (LAMP2
or BMAL1 KO mice), allowing for comparisons among littermates. For the studies involving
cell in culture or in vitro assays with purified organelles, treatment groups were attributed
randomly between wells and plates to account for well or tube positioning effects. Blinding
was used for quantification in all image-based analysis and for behavioral and functional
tests whenever the pooling of animals was not required. In instances required pooling of
different animals for isolation of enough lysosomes to validate the results of the proteome
analysis the genotype group needs to know what livers could be homogenized together to
obtain the size pellet required for lysosomal isolation. For the rest of studies blinding was
lifted only for the final statistical analysis.

Materials availability

Animal models, cells lines and plasmids generated in this study will be provided upon
request under both-parties signed institutional materials transfer agreements.

Data availability

The proteomic data is deposited at ProteomeXchange via the PRIDE partner repository with
the dataset identifier PXD019704. All main figures (1-8) and Extended Data figures (1-10)
have associated raw data included in the corresponding source data files. There are not
restrictions on availability of data presented in this study.
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Extended Data Fig. 1. Circadian proteins display properties of bona fide CM A substrates.
a. Representative immunoblot for LAMP2A from rat liver lysosomes immunoprecipitated

for BMALL1 (left), CLOCK (middle), or REVERBa. (right). The heavy chain (HC) of IgG
used in the immunoprecipitation is shown. Input is 5% amount used for IP. b. Representative
immunoblots for HSC70 from wild-type (WT) or LAMP2A knockout (L2AKO) cell lysates
immunoprecipitated for BMAL1 or CLOCK. Heavy chain (HC) for IgG used in the
immunoprecipitation is shown. Input is 5% concentration used for IP. Right, quantification
of HSC70 normalized by the amount of BMAL1 or CLOCK immunoprecipitated. An
increase in the amount of CMA substrates bound at a given time to HSC70, similar to

the one observed here for BMAL1 and CLOCK, has previously been described upon
blockage of CMA. n=3 independent experiments. Individual values (b) and mean+s.e.m

are shown. Unpaired two-tailed t test was used, and differences were significant for *p<0.05.
c. Representative immunoblot of competition of BMAL1 lysosomal uptake by ribonuclease
A (RNase A). Left: representative immunoblot. Right: effect of increasing concentrations of
RNase A on binding and uptake of 20ng of BMALZL. Numerical source data, statistics and
exact p values and unprocessed blots are available as source data.
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Extended Data Fig. 2. Circadian lysosomal and proteasomal protein degradation in liver
a. Chymotrypsin-like (CTL) and caspase-like (CSP) activities of the 20S and 26S

proteasome in livers from mice injected with saline (Sal) or leupeptin (Leup; 40mg/kg

b.w.) 3h before tissue collection. Area under the curve after discounting residual MG115-
resistent activity (left) and time-course kinetics (right) are shown. n=4 (CTL), 7 (CSP)

mice. b. 7op: Immunoblot from livers from mice treated as in a collected at the indicated
Zeitgeber times (ZT). Ponceau staining is shown as loading control. Bottom. Levels of
K48-polyubiquitinated proteins (left) and LC3-I1 (right) relative to ZT2-5 saline injected.
n=3 mice per ZT and treatment. c. Proteolytic activity of liver lysosomes from mice injected

with MG262 in 60% dimethyl sulfoxide (DMSO) or only DMSO (control; CTR) and

incubated with a pool of radiolabeled proteins with or without leupeptin. n=3 mice per
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treatment. d. Left: Representative immunoblot of homogenate of mice injected (+) or not
() with leupeptin (leup) as in a. Right. LC3-I1 flux (fold increase upon leupeptin injection).
n=3 mice per ZT. e-g. Immunoblot of liver homogenates (Hom), lysosomes (Lys) active

(+) or not (=) for CMA, ER, and cytosol (Cyt) (e), CMA+ lysosomes (f) and CMA+

and CMA (-) lysosomes (g) isolated from mice treated as in a. Loading controls for f

are in e. h. Immunoblot of rat liver fractions at ZT17 to compare with ZT5 (Fig. 1b). i.
Immunoblot of liver homogenates from mice treated as in c. UB-K48 is used as a control
for efficacy of MG262 injection. j. Proteasome degradation of PER1 and CRY2 (>1.5 fold
increase upon MG262 injection) at each time. n=4 mice per ZT. Dotted line: no degradation.
Individual values (a-d,j) and mean+s.e.m are shown. Unpaired t-test (a left) and Two-way
ANOVA followed by Sidak (aright, b and c) or Bonferroni’s (c, d, j) multiple comparisons
post-hoc tests were used Differences were significant for *p<0.05, **p<0.01, ***p<0.001
and ****p<0.0001. ns=not significant. Numerical source data, statistics and exact p values
and unprocessed blots are available as source data.
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Extended Data Fig. 3. Lysosomal degradation of clock proteinsis dependent on CMA but

independent of the nutritional status.

a. Immunoblot of liver homogenates from LAMP2A knockout mice (L2AKO)
intraperitoneally injected (i.p.) with saline (Sal) or a single dose of leupeptin 3h before tissue
collection at the indicated circadian times (ZT). b. Lysosomal flux for the indicated circadian
proteins calculated as the increase in >1.5 folds above the dotted line (value 1) upon
leupeptin injection. n=3 mice per ZT. c. Immunoblot of livers from WT and L2AKO mice
treated as in a and collected at ZT(20-23), time of maximal BMAL1 and CLOCK lysosomal
degradation, and run in the same membrane for comparative purposes. d. Lysosomal flux

for the indicated proteins in WT and L2AKO mice livers from blots in Extended Data
Fig. 2f and 3a,c. n=3 mice per ZT and genotype. A lane with the same sample in all
gels was used for normalization across membranes. Note that PER1 was not detected
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in WT lysosomes (Extended Data Fig. 2g). e Immunoblot for the indicated proteins in
CMA-active lysosomes (Lys CMA+) and CMA-inactive lysosomes (Lys CMA-) from mice
fed ad libitum or starved for 24h (Stv) and injected or not with leupeptin. A representative
immunoblot is shown (the experiment was replicated 3 times). f,g. Immunoblot for HSC70
(f) and LAMP2A (g) of BMALZ1 immunoprecipitated (IP) from liver homogenates of mice
fed ad /ibitum (AL) or maintained in an isocaloric twice-a-day feeding (iTAD) during the
light time for 6 months collected at ZT8 and ZT20. The experiment was repeated 3 times.
Individual values and mean+s.e.m are shown. Two-way ANOVA followed by Bonferroni's
multiple comparisons post-hoc test was used to determine differences in protein flux at each
time in L2AKO mice (b) and differences between genotypes (d). Differences in flux between
both ZT are shown in the legend and between genotypes on top of the bars. Absolute protein
levels are included in the raw data file. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
ns = not significant. Numerical source data, statistics and exact p values and unprocessed
blots are available as source data.
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a. Immunoblot for BMAL1 phosphorylated on serine 42 (pBMAL1542) in wild-type (WT,
W) and LAMP2A knockout mice (L2AKO, L) livers at the indicated Zeitgeber times (ZT).
Total BMAL1 and actin immunoblots from Fig. 2a are shown here for comparison. Arrows:
BMAL1 bands of different electrophoretic mobility. All membranes contained a common
sample for normalization across membranes. b. Levels of the two bands of total (top)

and pBMAL1%42 (bottom) in WT (left) and L2AKC mice (right) from immunoblots as

in a. Values are percentage of total BMAL1 contributed by each band. n=3 mice per

ZT. c. Immunoblot for total BMAL1, pBMAL1542 and BMAL1 acetylated on lysine 538
(AcBMAL1%538) in mouse liver homogenates (Hom) and lysosomes (Lys) active (+) or not
(-) for CMA at the time of maximal BMAL1 lysosomal degradation. LAMP2A and HSC70
from the same fractions are shown on the right. d. Immunoblot of nuclear (left) and cytosolic
fractions (right) from WT and L2AKO mice livers collected at the indicated Zeitgeber times
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(ZT), n=3 mice per ZT and genotype. Actin is shown as cytosolic loading control and
Histone 3 as marker of the nuclear fraction. g, f. Levels of the top (left) and bottom (right)
bands of BMALL (€) and of CLOCK (f) shown in d. Values are folds of ZT11 WT (arbitrary
value of 1). n=3 mice per ZT and genotype in e and f. g. Immunoblot for total BMAL1 and
pPBMAL1542 in fractions from synchronized NIH3T3 cells cultured or not with leptomycin
to block nuclear export and (+) ammonium chloride and leupeptin (N/L) to block lysosomal
degradation. Right. higher exposure of lysosome lanes. h. Lysosomal degradation (fold
increase upon N/L) of the top and bottom BMAL1 (top) and pPBMAL1542 bands (bottom)
in cells in g. Red dotted line: no degradation. n=3 mice per treatment. Individual values
(e,f,h) and mean+s.e.m are shown. Two-way ANOVA followed by Bonferroni's multiple
comparisons post-hoc test was used. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
Numerical source data, statistics and exact p values and unprocessed blots are available as
source data.
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Extended Data Fig. 5. Expression of BMAL1 protein mutated in the CM A-tar geting motifs.
a. Immunoblot for His6 tag of NIH3T3 cells stably expressing His6-tagged BMAL1

wild-type (WT) or mutated in both CMA-targeting motifs (DM) at the indicated times
after addition of cycloheximide (CHX) to stop protein synthesis. Ponceau is shown

as loading control. b. Quantification of BMALL in experiments as in a. Values are
expressed as fraction of the initial BMALZ1 remaining at each time. n=3 independent
experiments. c. Immunofluorescence for HSC70 (green) and His6 tag (red) in NIH3T3
cells stably expressing WT and DM BMALL1. Merged channels and colocalization mask
are shown. Insets: boxed areas at higher magnification. d. Fraction of His6-BMAL1
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colocalizing with HSC70 (Mander’s Coefficient - M1), n=3 independent experiments. e.
Co-immunoprecipitation (IP) of HSC70 with BMALL in the same cells. Input and flow
through (FT) are also shown. f. Amount of HSC70 co-immunoprecipitated with BMAL1
expressed as folds that in WT (arbitrary value of 1), n=3 independent experiments. g.
Immunofluorescence for His6 tag in cells as in c. Image shows pseudocolor by gradient
intensity. h. Intensity of nuclear BMAL1 in images as in g. n=3 independent experiments
(55 cells were quantified per experiment and the mean value of intensity in each experiment
was used for statistics). i-l. Immunoblot for CLOCK and CRY1 in lysosomes active (+)

or not (=) for CMA isolated from livers of WT or BMAL1 knockout mice (iBKO) at

the indicated CT times (i). Quantification of the levels of both proteins in CMA+ (j) and
CMA- (k) lysosomes and in the four fractions (I) together for comparative purposes from
fractions as the ones in I. Values are expressed as fold those in fractions from CT5 WT.
n=3 mice per CT and genotype (in j, k and I). Individual values (d,f,h) and mean+s.e.m

are shown. Two-way ANOVA followed by Bonferroni’s (b, j, k) or Tukey’s () post-hoc
test for multiple variable comparisons and two-sided unpaired T-test (d, f, h) were used.
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. ns = not significant. Numerical source
data, statistics and exact p values and unprocessed blots are available as source data.
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Extended Data Fig. 6. Free running behavior and metabolic characteristics of CM A-deficient

mice.

a. Average activity onset relative to light offset (left) and variability of activity onset (right)
of wild-type (WT) and LAMP-2A knock out mice (L2AKO) under 12:12 light:dark (LD)

cycle. n=32 recordings in 4 mice per genotype (left) and n

=4 mice per genotype (right). b.

Representative actograms of WT and L2AK© mice during continuous light exposure (LL)
n=9 mice per genotype. ¢, d. Average wheel running revolutions per day (c) and strength
of rhythmicity (d) of WT and L2AKO mice in continuous dark (DD) or light (LL), n=10
(WT) and 9 (L2AKO) mice in ¢ and d. e. Representative chi-square periodogram of WT and
L2AKO mice in LL. The mean period is in red. n=9 mice per genotype. Significance level
(above green line) with chi-squared threshold of 0.001. Orange dotted line: peak period of
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L2AKO mice (weaker periodicity than WT). f. Double-plotted actograms of WT and L2AKO
mice with moderate (1) or severe (2) disruption of circadian properties at the indicated light
conditions. Discontinuous lines: corrective shift in response to continuous darkness in WT
(black) or L2AKO mice (red). Bottom: BMAL1 immunostaining of SCN at ZT17 in the
mice of the actograms shown on top. g. Average intensity per area of BMAL1 staining in
SCN of WT and L2AKO mice separated by the severity of their actogram changes, n=3 mice
per group. h. Average value during the LD cycles or throughout a 24h period (total) of O,
consumption, CO, production and energy expenditure (EE) in WT or L2AKO mice. n=4
mice per genotype. i. Median body heat production, VO, consumption and CO, production
plots from WT and L2AKO mice, n=4 mice per genotype, subjected to alternating light/dark
cycles each 2 days (left) or continuous light for 8 days (right). Data is single plotted in
two-day intervals. Individual values and mean+s.e.m are shown. Unpaired two tailed t test
(a, cand d), one-way (g) and two-way (h) ANOVA followed by Bonferroni’s multiple
comparisons post-hoc test were used. *p<0.05, **p<0.01, ***p<0.001. ns: not significant.
Numerical source data, statistics and exact p values are available as source data.
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Extended Data Fig. 7. Changesin clock components and in the circadian transcriptome with age
in mice with active or inactive CM A activity.

a. Immunoblot for the indicated proteins in livers from 4m and 24m old wild-type (WT)
and LAMP2A knockout (L2AKO) mice. n=3 (WT) and 4 (L2AK®) mice per age. Ponceau
staining is shown as loading control. b. Levels of the indicated proteins in the same mice
obtained by densitometric quantification of immunoblots as in a. Values are expressed as
fold levels in 4m old WT (dotted line) n=3 (WT) and 4 (L2AKO) mice per age. Animals
were analyzed at ZT2 to catch the end of the nocturnal degradation of BMAL1 and CLOCK
and the beginning of the diurnal degradation of REVERBa.. ¢, d. Co-immunoprecipitation of
LAMP2A (c) and HSC70 (d) with BMALL in livers of 4m and 24m old mice. * sample lost
during processing. Experiments were repeated 3 times. e-g. Temporal changes in the mRNA
of representative genes involved in carbohydrate (€), lipid metabolism (f) and in cytokine
and interleukin signaling (g) shown to undergo reprograming of their circadian expression
in old mice in the liver of young WT (W) or L2AKO (L) mice at the indicated ZT times.
n=3 mice per ZT and genotype. Individual values (b) and mean+s.e.m are shown. Two-way
ANOVA test followed by Tukey's multiple comparisons post-hoc test was used in b, and

by multiple two-sided unpaired t-test in e-g. In b, significant differences between genotypes
are marked in the legend and differences with 4m WT in the graph. In e-g, significant
differences between genotypes are marked in the graph and ANOVA indicates p value for
time differences. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. ns: not significant.
Numerical source data, statistics and exact p values and unprocessed blots are available as
source data.
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Extended Data Fig. 8. Cell-type and tissue-specific changesin hepatic CM A activity during the
light/dark cyclein different liver cells.

a. Immunofluorescence for Dendra and mac2 (to label hepatic Kupffer cells) in liver sections
from KFERQ-Dendra mice at the indicated circadian times (CT). Nuclei are highlighted
with Hoechst. Individual and merged channels are shown. Insets: higher magnification
images. Dotted white line: Kupffer cells profile. b. Quantification of Dendra* puncta per
mac2* cell section. n=3 mice per CT (50 cells were quantified per mouse and the mean
value of puncta per cell in each mouse was used for statistics). c. Quantification of temporal
changes in Dendra* puncta number in hepatocytes and Kupffer cells relative to CTO5 values
(arbitrary value of 1). n=3 mice per CT (65 cells of each type were quantified per mouse and
the mean value of puncta per cell in each mouse was used for statistics). d. Immunoblot of
homogenate from control (CTR) and BMAL1 knockout (iBKO) mice livers at two circadian
times (CT). Ponceau staining is shown as loading control. Right. Quantification of BMAL1
and HSC70, n=3 mice per CT and genotype. e,f. Immunoblot of lysosomes active (+) or
inactive (=) for CMA isolated from livers of CTR and iBKO mice (€). Ponceau staining is
shown as loading control. Quantification of immunoblots as the ones shown ine (f). n=6
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(CTR) and 3 (iBKO) mice per CT. g. Immunoblot for the indicated proteins in homogenate
from kidneys of control (CTR) and BMALZ1 knockout (iBKO) mice at two circadian times
(CT). Three mice per condition are shown. Ponceau staining is shown as loading control.
All values are mean+s.e.m. One-way ANOVA test followed by Tukey HSD post-hoc tests
(b) or two-way ANOVA test followed by Bonferroni’s (c) or Tukey’s (d,f) (post-hoc tests
for multiple variable comparisons were used. Significant differences between genotypes are
shown in the legend and between times in the graph in d. Significant differences between
CMA+ and CMA- lysosomes for each genotype are marked in the graph in f and between
lysosomes, times and genotype are summarized in the raw data file. *p<0.05, **p<0.01,
***n<0.001 and ****p<0.0001. ns = not significant. Numerical source data, statistics and
exact p values and unprocessed blots are available as source data.

Nat Cell Biol. Author manuscript; available in PMC 2022 June 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Juste et al.

a
WT CT05 ® | 2AKO CT05
WT CT17 m L2AKO CT17
=9 © WT CTO5+Leu ® L2AKO CT05+Leu
2 " = WTCT17+Leu ®L2AKO CT17+Leu
g
-«
~ i'. 00.
g il L o3
c [ ]
8_ o =
£ N L) =
o ! e
o L]
o %
¥
-40 -20 0 20 40 60
Component 1 (31.7%)
c Still degraded in Lysosomes
in L2AKO mice
CT17
(Night) Pref.
36% Q4 No Pref,
Pref.
13% I
CTO05
(Day)
35%
g9
4- LC3 57 LC3 flux
2 dekk
% - ; 4' : & Fkkk
> T
o) ™ . aa
- O
© )
: E
2 5
> 3
— >
-
CT05 CT17

CT05

CT17

4+

N

Lysosomal Levels
A

d Changes in lysosomal
degradation in L2AKO

~__—No change

3%

Page 33
Lysoproteome L2AKO
DEGRADED
1269, 49% PEGRADED
1310, 51%
e m |2A Dependent

m L2A Independent

Nat Cell Biol. Author manuscript; available in PMC 2022 June 07.

p62 . 67 p62flux
3
ek KKk = Fkekk
34~ . N
o
©
£
[e]
12}
[e]
0
>
-
0_
-+L - +L - +L - +L E kg
E 35 &8 5%
o o
K4 M - -
< < = < =
— — CT05 CT17
CTO05 CcT17

Extended Data Fig. 9. Changesin the cyclic degradation of macroautophagy components upon
CMA blockage.

Comparative differential proteomics of lysosomes from livers of wild-type (WT) or
LAMP2A knockout mice (L2AKO) injected or not with leupeptin (Leu) and isolated at
circadian time CT05 (day) or CT17 (night). All values are from n=3 mice per CT, genotype
and treatment group. a. Principal component analysis showing the multivariate variation
among the different genotype, time, and treatment groups. b. Percentage and number of
proteins undergoing or not lysosomal degradation (increase upon leupeptin treatment). c.
Preferences in degradation time of the subset of proteins degraded in lysosomes from
L2AKO mice. d. Percentage of proteins in lysosomes from L2AKO mice displaying changes
in their rate (magnitude) or time (timing) of degradation. e. Number of proteins in lysosomes
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according to their preference in degradation time and their dependence on the presence of
LAMP2A in lysosomes. f,g. Lysosomal degradation of macroautophagy proteins LC3 (f)
and p62 (g) calculated from the proteomic data. Graphs show quantification of levels of
each of the proteins in lysosomes isolated from mice untreated (=) or injected with leupeptin
(+L) (left) and lysosomal flux for both proteins calculated as differences in their lysosomal
abundance between untreated or leupeptin injected mice (right). n=3 mice per CT, genotype
and treatment with technical replicates for each one. Individual values per mouse (f,g) and
mean+s.e.m are shown. Two-way ANOVA test followed by Bonferroni’s (f, g) post-hoc test
(for multiple variable comparisons) was used. Differences were significant for ***p<0.001
and ****p<0.0001. ns = not significant. Numerical source data, statistics and exact p values
are available as source data.
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Extended Data Fig. 10. Changesin proteasome components upon CMA blockage.
a, b. Chymotrypsin-like (CTL) and caspase-like (CSP) activities of the 20S and 26S

proteasome in livers from WT or L2AKO mice. Time-course kinetics (a) and area under

the curve (b) are shown. n=3 mice per genotype in a and b. c-g. Lysosomal degradation

of proteasome subunits in the same mice. ¢ shows heatmaps of degradation (green) or not
(black) at the two time points and d-g shows changes in lysosomal levels of the indicated
proteasome proteins as representative examples of the 4 identified patterns: subunits with
comparable degradation and cycling in WT and L2AKO mice (d), subunits preferentially
degraded during the day (e) or during the night (f) in WT mice that become continuously
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degraded in L2AKO mice, and subunits normally not degraded in lysosomes that become
now lysosomal substrates (g). n=3 mice per CT, genotype and treatment with technical
replicates for each one. Individual values per mouse and mean+s.e.m are shown. Two-way
ANOVA test followed by Bonferroni’s (a) or Sidak’s (d-g) post-hoc tests (for multiple
variable comparisons), and two-sided unpaired T-test (b) were used. Differences were
significant for *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. ns = not significant.
Numerical source data, statistics and exact p values are available as source data.
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Fig. 1. Components of the molecular clock are degraded in lysosomesvia CMA.
a, Canonical (yellow) and phosphorylation generated (blue) CMA-targeting motifs in

mammalian clock proteins. b, Immunoblot for circadian clock proteins in rat liver
homogenates (Hom), lysosomes (Lys) active (+) or not (=) for CMA, ER, cytosol

(Cyt) and nuclear fractions (Nuc). Left: markers for lysosomes (LAMP2A and LAMP1),
CMA+ lysosomes (HSC70), cytosol (GAPDH), ER (SEC61) and nucleus (Histone 3). c,
Percentage of the positive (green), negative (red) and stabilizing (brown) clock elements
recovered in each fraction relative to their total cellular content. n=3 rats. d, Immunoblot
of BMALL1 (top) and CLOCK (bottom) associated with lysosomes pre-incubated or not
with protease inhibitors (PI) and then incubated with recombinant BMAL1 and CLOCK.
Lysosomal binding and uptake (middle) and uptake upon incubation with increasing

protein concentrations (right). n=3 independent experiments. e-j, Temporal changes of clock
elements in lysosomes from mice injected or not with leupeptin (g, f, h, i) or in homogenates
of mice injected or not with MG262 (g, h, j) calculated from blots in Extended Data
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Fig. 2f, i, respectively. n=3 mice per CT and treatment in e-j. Individual values (c,d,f-j)
and meanzs.e.m are shown. One-way ANOVA was used in c to determine differences

in recovery among fractions and unpaired two-tailed t test (shown here) to determine
differences between CMA+ and CMA- lysosomes. One sample t and Wilcoxon test with
hypothetical value of 1 for binding and uptake was used in d. Two-way ANOVA followed
by Bonferroni's multiple comparisons post-hoc test was used in e-j. Significant differences
between untreated and leupeptin treated samples are shown in e (graph legend) and the
specific times at which flux was significantly different are marked in f-j. Statistical analysis
was performed in all panels but only significant differences are labeled in the graphs as
significant for *p<0.05, **p<0.01 and ****p<0.0001. Numerical source data, statistics and
exact p values and unprocessed blots are available as source data.

Nat Cell Biol. Author manuscript; available in PMC 2022 June 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Juste et al.

a Homogenate b wr
-
715 711 7717 7723 15, BMAL1 CLOCK 81 PERT  { oo
WT L2840 WT [2AK0 W L2AK WT  L2AK0 g1
BMALH-----..“_-_-——H . -.--H - }»72 E
[ 05
CLOCK|mm mmm [[= =] Rl bos €
L 0 ) 0
rer1 EET | ‘ _____ ‘ }-130 05101520 0 51152 0 5 10 1520
crvi| - k M - ”__ ___}-72 3 OR¥ 3 RIEVERB" 4ROR«
REVERBafs = - w# || I = L7 e 2] ; 2] g a1 1
\ s/ L 2 T F-5
N - .-,/ AV R
=] 8 TS 1
LAMP-2A I E-l ‘-nn———-”--.—~—Lgs €, . .
ACTB o= s e e s Jl._____‘______[l______’_“ 0 5101520 0 5 10 15 20 0 5 10 15 20
c an wi; 11 wWi; *W; w1
- Bmait Vi ) Clock oL 1: s Pert (Wi g Per2 e it 4 Per3 s oyt o UPS
o M - i By
K15 y 2 g A 6 Vo 2 i 10 f\
Ew f v 2 PR ot \ Vi .
8 ] 1 Y i 2 ) 3 P R B £ 5 //
35 / ] 4 ” p
0= 0 +———— 0 +—r——7—— 0+—T———— 0+—T—T——— 0
0 5 10 15 20 0 5 101520 0 5 101520 0 5 10 15 20 0 5 1015 20 0 5 1015 20
w1 -
4. C2 slls 15 RevErba TWlns, o Rora (MVIns o HIf - o[Uns, Deet  IW]. 5 Dbp  IWIns

1

Yy

12
9
6
3
0

Folds WT ZT5
° ~

t

|

oo

o

& -
3

o

& -

24

14

A
3

0 5 10 15 20

0 5 10 15 20 0 é I‘O 1‘5 2‘0 0 é Ih 1‘5 2‘0
zr I 7T C———
d e
50+

o

o

Q s

a <

> -

3 =

- -

= <

2 =

= DM +N/L &

a 2

© e

2 8

= 3

o

d WT-BMAL1 DM-BMAL1 W

Time (h) 24 30 3642 48 54 243036 4248 54

His6-
BMAL1 ("% & & & =

® DM-BMAL1 20
-2

® WT- BMAL1 l

ke

0 T
0 5 10 15 20

0 T
0 5 10 15 20

None

W NL

WT DM

CLOCKT sWT ...
5 *DM

f
2009 ns
o
= o
8 1504
s
ks
[
2 1004
N
o
=
< 504
04
WT DM

525
o
s 2
£ i s
L g1 3 i I r
CLOCK | # o o o & &8 & & W = ™ 5 L o5 =] - . ~ 10
T e e
L2 05 05
CRY1 g T L L LA 2
0 00+
24 30 36 42 48 54
ACTB - | s

Fig. 2. Blockage of CMA disruptsthe molecular clock.

00
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a, Immunoblot of wild-type (WT, W) and LAMP2A knockout mice (L2AKO, L) livers
collected at the indicated Zeitgeber times (ZT). Actin is shown as loading control, and
LAMP2A to confirm KO. (Note: the anti-L2A antibody recognizes a non-specific protein
in liver3%: 31) ZT5 and ZT17 samples and ZT11 and ZT23 samples were run in the
same membrane and all membranes contained a common sample for normalization across
membranes. b, Temporal changes of clock proteins in a expressed as fold levels in WT at
ZT5. n=3 mice per ZT and genotype. ¢, Temporal changes in clock components mMRNA
levels in the same animal groups as a. Values were normalized to TBP as housekeeping
gene and are expressed as fold levels in WT at ZT5. n=3 mice per ZT and genotype.

d, Immunofluorescence for LAMP2 (green) and His6 tag (red) in NIH3T3 cells stably
expressing wild-type (WT) BMALL histidine tagged (His6) or the same protein mutated
in its two CMA-targeting motifs (DM). Where indicated 20mM NH4CI, 100uM leupeptin
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(N/L) was added to prevent lysosomal proteolysis. Insets: boxed area with colocalized pixels
(white) at higher magnification. e, f, Fraction of His6-BMAL1 colocalizing with LAMP2
(Mander’s Coefficient - M1) (e) and average number of LAMP2 fluorescent puncta (f) in
cells as in d. n=3 independent experiments (30 cells were quantified per experiment and

the mean value of puncta per cell per experiment was used for statistics). g, Immunoblot
for clock elements in cells expressing WT or DM-BMAL1 collected at the indicated times
after dexamethasone-synchronization. Actin is shown as loading control. h, Levels of the
indicated clock elements in experiments as in g. n=4 independent experiments. Individual
values (ef) and meanzs.e.m are shown. Unpaired two tailed t test was used in f and
two-way ANOVA followed by Bonferroni’s multiple comparison post-hoc tests in b, ¢, e
and h. Significant differences by genotype or mutation are indicated in the legends in ¢

and g, respectively. Differences were significant for *p<0.05, **p<0.01, ***p<0.001 and
****<0.0001. ns = not significant. Numerical source data, statistics and exact p values and
unprocessed blots are available as source data.
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Fig. 3. CM A-defective mice display disturbancesin circadian patterns.
a, Immunostaining for BMALL, PER1, CRY1 and REVERBa in the suprachiasmatic

nucleus region (SCN) of brains of wild-type (WT) or LAMP2A knockout mice (L2AKO)
at the indicated Zeitgeber times (ZT). b, Quantification of the average fluorescent intensity
per cell in the SCN area in images as the ones shown in a. n=3 mice per ZT and genotype.
¢, Double-plotted actograms of WT and L2AKC mice subjected to the light manipulations
indicated in the middle for the number of days indicated on the left. LD, 12:12 light:dark;
DD, continuous dark; LL, continuous light. d, Representative Morlet Wavelet of WT and
L2AKO mice under the same conditions as in c. e, Average free running circadian period

in the DD (left) and LL (right) cycles. n=9 WT mice per condition and 9 (for DD) and

8 (for LL) L2AKO mice. f, Representative activity profile of WT and L2AKC mice for an
average 10 cycle in DD (left) or LL (right). The red line is a sine-fit to the waveform
indicating the rhythm of these mice. Individual values (€) and meanxs.e.m are shown.
Unpaired two-tailed t test was used in e and two-way ANOVA test followed by Bonferroni’s
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multiple comparisons test post-hoc test was used for b. Significant differences by genotype
across the ZT are shown in the legends. Differences were significant for *p<0.05, **p<0.01
and ****p<0.0001. ns = not significant. Numerical source data, statistics and exact p values
are available as source data.
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Fig. 4. CMA displays BMAL 1-dependent circadian activity in liver.
a, Immunofluorescence for Dendra in liver sections from KFERQ-Dendra mice control

(CTR) or knockout for BMAL1 (iBKO) at the indicated circadian times (CT). Nuclei are
highlighted with DAPI. Right shows higher magnification inserts. b, Quantification of the
number of Dendra* puncta per mm? of liver section in images as the ones shown in a. n=4
mice per CT and genotype. ¢, Immunofluorescence for Dendra (green) and LAMP1 (red) in
liver sections from KFERQ-Dendra mice at the indicated circadian times (CT). Nuclei are
highlighted with Hoechst staining. Right: quantification of the number of LAMP1* puncta
per cell section and LAMP1* and Dendra* puncta expressed as fold in CT5 (arbitrary value
of 1). n=3 mice per CT and genotype. d, Dendra mRNA levels normalized to TBP as
housekeeping gene in the same livers at the indicated times. Values are expressed relative to
values at CTO5 that was given a value of 1. n=4 mice per CT and genotype. e, Levels of the
indicated proteins in CMA active (+) and inactive (=) lysosomes isolated from control mice
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at CT05 and CT17 calculated by densitometry of blots as the ones shown in Extended Data
Fig. 8e. n=6 mice per CT. f, g, Levels of the indicated proteins in total liver homogenates (f)
and in CMA-active lysosomes (g) isolated from livers of CTR and iBKO mice at CT05 or
CT17 calculated by densitometry of blots as the ones shown in Extended Data Fig. 8d and
e, respectively. Values are shown relative to values in CTR mice at CT05. n=6 mice per CT
and genotype (in fand g). All values are mean+s.e.m. Two-way ANOVA test followed by
Tukey HSD post-hoc tests (c left, e-g) or by Bonferroni’s (b,c right and d) or Tukey’s (e-Q)
multiple comparisons post-hoc tests were used. Significant differences between lysosomal
type or genotypes are shown in the legends and between times in the graphs. *p<0.05,
**p<0.01, ***p<0.001 and ****p<0.0001. ns = not significant. Numerical source data,
statistics and exact p values are available as source data.
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Fig. 5. BMAL 1 regulatescircadian CMA activity in liver at thetranscriptional level.
a, Heatmap of the transcriptional activity of CMA-related genes from RNA-seq data of

livers from control mice (CTR) and mice knockout for BMAL1 (iBKO) kept under constant
darkness38. b-f, Normalized expression of known CMA effectors (b and c) and negative
regulators (eand f), from the mice in a. n=4 mice per CT and genotype (in b,c,e,f and

g). mRNA levels for the indicated spliced variants of LampZin livers of mice at the
circadian times of maximal and minimal CMA activity (d). Transcription changes for
Lamp1 as an example of other lysosomal membrane proteins and PHLPPI as a positive
control of cycling genes are shown. Values are expressed relative to those in CT5 (arbitrary
value of 1). n=3 mice per CT. g, CMA activation score in the same animals as in a,
calculated from the transcriptional expression of the components of the CMA network.
n=3 mice per CT and genotype. h, LampZa promoter expression in Bmall-deficient MEFs
co-transfected with a Lamp2a promoter luciferase reporter plasmid and a control plasmid
or a plasmid overexpressing Bmall (+). Immunoblot for BMAL1 in the transfected cells
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(left) and luciferase activity measured 16h post-transfection (right). Values are expressed

as relative luciferase units (RLU). n=3 independent experiments. i, Binding of the negative
circadian elements PERL, 2 (left) and CRY2 (two binding sites) to the /ampZ2locus in
mouse liver. Signals for ChipSeq experiments as reported in®8 at different time points.
Expression of LampZa at the same times is shown as blue discontinuous line. j, Binding

of Bmall to the RARa locus in mouse liver. Signals for ChipSeq experiments as reported
in® at different time points. Expression of RARa at the same times is shown as blue
discontinuous line, n=3 mice per CT in i and j. Individual values (d,h) and meants.e.m are
shown. Two-way ANOVA test to determine significance of the interaction between time and
genotype (b,c,ef,g) and unpaired two tailed t test (d, h) were used. *p<0.05, **p<0.01. ns
= not significant. Numerical source data, statistics and exact p values and unprocessed blots
are available as source data.
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Fig. 6. Circadian cycling of CMA activity istissue specific.
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a-f, Immunofluorescence for Dendra and LAMP1 in kidney (a, b) and heart (f) sections
from KFERQ-Dendra mice control (CTR) (a,f) or knockout for BMAL1 (iBKO) (b) at the
indicated circadian times (CT). Individual and merged channels are shown. Right shows
higher magnification inserts of the boxed area. Quantification of the number of Dendra* (c,
g) and of LAMP1* puncta (d, h) per mm? area in the tissues shown. n=3 mice per CT and
genotype (in c and d) and per CT (in g and h). e, Levels of the indicated proteins in kidney
homogenates of CTR and iBKO mice at CTO05 or CT17 calculated by densitometry of blots

as the ones shown in Extended Data Fig. 8g. n=6 mice per CT and genotpe. i, Changes
in CMA activity throughout the circadian cycle in the indicated tissues relative to their

maximum period of activity (that was given a value of 100). Data originates from images as
the ones shown in Fig. 4a and Fig. 6a,f. n=3 mice per CT. j, k, Percentage of CMA-active
lysosomes calculated as the fraction of LAMP1* puncta also Dendra* in liver, heart and
kidney at the indicated times calculated from images as the ones shown in Fig. 4a and Fig.
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6a,f. n=3 mice per CT. Data for each tissue (k) and overlapping of changes in CMA activity
throughout the circadian cycles in the three tissues (j) are shown. Individual values (h) and
meanzs.e.m are shown. One-way ANOVA test followed by Tukey’s (d,g,h) or Dunnett’s
(k) multiple comparisons post-hoc and two-way ANOVA test followed by Tukey’s (c) or
Sidak’s multiple comparisons post-hoc tests (€) were used. Significant differences among
all conditions are shown above the line and of each time point with CT05 are shown in

the graph. *p<0.05, **p<0.01 and ***p<0.001. ns = not significant. Numerical source data,
statistics and exact p values are available as source data.
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Fig. 7. Cyclic changesin the lysosomal proteome and impact of CM A blockage on lysosomal-
resident proteins.

Comparative proteomics of liver lysosomes from leupeptin injected or not mice isolated

at CT05 (day) or CT17 (night). n=3 mice per CT and treatment (in a-h) and 3 mice per

CT and genotype (in i-1). a,b, Percentage and number of proteins undergoing degradation
(increase >1.5 folds after leupeptin treatment) (&) or showing preferential (Pref.) degradation
or not during the day or night (b). ¢, Log2 fold change (LogFC) in lysosomal degradation
rates in CT05 vs CT17. No preference for time of degradation (black) and degraded only
during the day (orange) or night (blue). d, Degradation rate (as fold levels in lysosomes from
untreated mice) of proteins in lysosomes isolated at CT05 (orange) or CT17 (blue). Enriched
functional groups and number of proteins per group from proteins degraded at the indicated
times is shown on the right. e-h, Lysosomal proteins that do not undergo degradation.
Percentage and number of proteins detected at higher (red) or lower (green) levels during
the day (e) and log2FC between CTO05 and CT17 against their negative log10 transformed
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p values (f). Proteins with p>0.01 increasing (red) or decreasing (green) levels during the
day. Enriched functional terms from lysosomal proteins with increased levels during the day
(g) or the night (h). i-I, Comparison of lysosomal proteins that do not undergo degradation
in WT and L2AKO mouse liver lysosomes isolated at CTO05 (day) or CT17 (night). Venn
diagram with number of proteins (i) and volcano plot of log2FC between CTO5 and CT17

in L2AKO mice lysosomes (j). LogFC in levels of lysosome-resident proteins between CT05
and CT17 in WT compared to L2AKO mice (k). Proteins that increase during the day

(red) or night (green) or fail to increase during the day (pink) or night (light green) in
L2AKO mice. STRING analysis of functional terms of proteins with changing timing in their
lysosomal abundance in L2AKO mice compared to WT mice (1). Unpaired two-tailed t test
was used in f and j. All GO terms are statistically enriched with p<0.001. Numerical source
data, statistics and exact p values are available as source data.
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Fig. 8. CMA contributesto circadian remodeling of the proteome.

Comparative proteomics of liver lysosomes from leupeptin injected or not wild-type (WT) or

LAMP2A knockout mice (L2AKO) isolated at circadian time CTO5 (day) or CT17 (night).
n=3 mice per CT, genotype and treatment group throughout the figure. a, Number of
proteins undergoing lysosomal degradation (increase >1.5 folds after leupeptin treatment)

or degradation through CMA (no longer increase upon leupeptin treatment in L2AKO mice)

with preferential degradation or not at CT05 or CT17. b, Percentage of proteins degraded
in a L2A-dependent (CMA) or -independent manner. c, Percentage of lysosomal proteins
changing in magnitude or timing of degradation in L2AKC mice compared to WT. d,

Nat Cell Biol. Author manuscript; available in PMC 2022 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Juste et al.

Page 56

Heatmap of the differences in lysosomal degradation rates and timing between WT and
L2AKO mice. Black: absence of degradation. Green color gradient: maximal degradation
time and changes in >20% from maximal degradation. Red bars: percentage of total proteins
in each group. X: no proteins in a group. Pie charts: percentage of proteins with differences
in magnitude or time of degradation in each group in L2AK© mice. e, Log2 fold change
(Log2FC) in rates of lysosomal degradation for individual proteins during the day and night
cycle in L2AKO mice. Black: no cycle preference. Orange and blue: degraded only during
the day or night, respectively. Grey: no longer degraded. Labels show examples of proteins
in each group. f, Rates of lysosomal degradation (in LogFC) during the day (top) or night
(bottom) in WT against L2AKC mice. Black: Proteins with preserved degradation time.
Color: proteins displaying shifts in degradation time. g-I, STRING analysis for proteins

no longer degraded in lysosomes in L2AKO mice (g), proteins displaying L2A-dependent
degradation during the day (h) or during the night (i), proteins showing LAMP2A-dependent
degradation both at CT05 and CT17 (j), proteins that change the time of their degradation
upon LAMP2A ablation (k) and proteins degraded only in lysosomes from L2AKO mice
but not from WT mice (I). All GO terms are statistically enriched with p<0.001. Numerical
source data, statistics and exact p values are available as source data.
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