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Circadian clocks underlie daily rhythms in physiology by coordinating
temporal patterns of gene expression and protein function throughout

the body. At the core of this system in mammals is CLOCK/BMALL, a
ubiquitously expressed heterodimeric transcription factor complex that
orchestrates tissue-specific circadian gene expression. The basis for this
specificity remains unclear, but tissue-specific interactions at chromatin
could provide one. Here we used chromatinimmunoprecipitation coupled
to mass spectrometry to map CLOCK/BMALI1-associated protein complexes
on chromatinin mouse liver, kidney and lung. We detected 1,510 associated
proteins, most of which were tissue-specific and not explained by protein
abundance. Among these, we identified the homeodomain transcription
factors PROX1, HNF1B and HOXAS as tissue-enriched interactors that bind
BMALI, co-occupy most BMAL1 genomic sites and establish organ-restricted
circadian transcription. Our findings demonstrate that tissue-specific
transcription factors confer cellular identity on the core clock, thereby
contributing to organ-specific patterns of rhythmic gene expression.

Transcription factors (TFs) are central regulators of gene expression,
directing essential cellular and physiological programmes. Their activi-
ties are shaped by context-dependent recruitment to DNA, chromatin
state and cooperation with tissue-restricted coregulators, allowing
ubiquitous TFs to drive context-specific transcriptional outputs’.
This is exemplified by the mammalian circadian clock heterodimer,
CLOCK/BMALL, two basic helix-loop-helix (bHLH) TFs which, despite
broad expression, produce highly divergent tissue-specific outputs
critical for organismal circadian function®. Through interlocked

transcriptional-translational feedback loops, CLOCK/BMALI1 pro-
duces synchronized waves of gene expression, protein abundance
and post-translational modifications (PTMs) to maintain homeostasis
and synchronize physiology with environmental cues such as light-
dark cycles and feeding®°. Although CLOCK/BMALL is ubiquitously
expressed, circadian transcriptional programmes vary substan-
tially between organs, frequently displaying organ-specific timing.
Strikingly, rhythmic CLOCK/BMAL1 binding to genomic sites does
not consistently correlate with in-phase or rhythmic transcription,
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suggesting that DNA occupancy alone is insufficient for rhythmic
gene expression*'°", Structural and computational studies indicate
that CLOCK/BMALI can function as a pioneer TF, opening chromatin
and facilitating access for other regulators™™, Accordingly, CLOCK/
BMALI probably cooperates with tissue- and time-specific nuclear or
chromatin-associated proteins to modulate transcription. Although
interaction proteomics has identified several CLOCK/BMALI inter-
actors that modulate rhythmic transcription'®, a comprehensive
invivo interaction network for this heterodimer remains unresolved.
Defining such complexes will aid in understanding how the core clock
heterodimer integrates temporal and tissue-specific cues to drive circa-
diantranscription. Here, we applied anin vivo chromatinimmunopre-
cipitation (IP) combined with mass spectrometry-based quantitative
proteomics (ChIP-MS)?*** approach to map spatiotemporal CLOCK/
BMALlinteractions. Thisanalysis uncovered adynamic, time-resolved,
multitissue chromatininteractome, identifying known and previously
unrecognized interactorsin mouse liver, kidney and lung at three time-
points of the transcriptionally active phase. Among these, we identified
three members of the homeodomain TF family, PROX1, HNF1B and
HOXAS, that directly bind BMAL1viaits transactivation domain (TAD),
co-occupy most BMAL1 genomic sites and modulate CLOCK/BMAL1
activity ina cell lineage-dependent manner.

Together, this study provides a comprehensive chromatin-
resolved, invivomap of CLOCK/BMALI1 complexes andidentifies home-
odomain TFs as tissue-specific transcriptional modulators, thereby
conferringtissue identity to the circadian machinery. Overall, our work
illustrates a mechanism by which broadly expressed TFs collaborate
with tissue-restricted partners to sculpt transcription, providing a
resource and framework for spatiotemporal gene regulationin vivo.

Results

Temporal liver CLOCK/BMALI chromatin map

Toinvestigate the chromatin-associated proteininteractionlandscape
of CLOCK/BMALL1 in mouse tissues, we adapted a method combin-
ing ChIP-MS?°. We first benchmarked our method using mouse livers
collected at Zeitgeber time (ZT) 7, corresponding to the peak of
CLOCK/BMALI1rhythmicbinding to the chromatin'. Nuclear extracts
from formaldehyde-crosslinked and sonicated livers were used for
IP with commercial antibodies recognizing endogenous BMAL1 and
CLOCK, as well as a non-specific IgG serving as a negative control
(Fig. 1a; Methods). IP for each antibody was performed in biological
quadruplicates and subsequently measuredin alabel-free, single-shot
manner by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). Significantinteractors were defined by Student’s ¢-test,
comparing protein intensities from bait pulldowns against control
IgG (Fig.1b). Both BMAL1 and CLOCK showed the most enrichment in
their respective IPs, followed by the heterodimer partner, indicating
the specificity of our method. Using a statistical cutoff (S, = 0.05, false
discovery rate (FDR) <0.01), we defined a confident set of interactors
(Fig. 1b). Comparison of the CLOCK and BMALI1 datasets revealed a
total of 379 proteins that were significantly immunoprecipitated
with both baits, thereby constituting the CLOCK/BMALlinteractome
inmouse liver at ZT7 (Fig. 1c,d and Supplementary Table 1). Among

these, we identified known core clock components as well as other
proteins previously reported to bind and modulate CLOCK/BMAL1
activity'“*? (Fig. 1d). In line with this, Gene Ontology enrichment
analysis of CLOCK/BMALIlinteractors revealed astatistically significant
overrepresentation of proteins involved in rhythmic processes and
multiple layers of gene expression regulation, including transcription
from RNA polymerase Il (RNAPII) promoters, histone modification,
DNA metabolic processes and post-transcriptional protein regula-
tion (Extended Data Fig. 1a). These mechanisms are known to exhibit
temporal dynamics and have been linked with CLOCK/BMALLI func-
tion on chromatin at the peak of circadian transcriptional activity. To
experimentally assess whether CLOCK/BMALI1 interactions occur at
the chromatin site, where BMAL1 and CLOCK are maximally binding
at this timepoint, we repeated the ChIP-MS, including a benzonase
treatment to degrade nucleic acids. Under this condition, we observed
adramatic reduction in the number of co-immunoprecipitated pro-
teins with both CLOCK and BMALLI, indicating that most interactions
are either chromatin associated and/or are mediated by nucleic acids
(Extended DataFig.1b,cand Supplementary Table 1). Notably, benzo-
nase treatment resulted in the loss of a large fraction of RNA-binding
proteins while only approximately half of the TFs and cofactors
were affected.

To capture dynamicinteractions of proteins with CLOCK/BMAL1
at the chromatin site during the transcriptionally active phase, we
nextapplied our approach tomouse livers collected at ZT4 and ZT10,
corresponding to the early (derepression) and late circadian tran-
scriptionally active phase, respectively'. Using the same statistical
cutoffasin ZT7,242 and 261 interactors were defined with both baits
at ZT4 and ZT10, respectively, with BMAL1 and CLOCK being among
the most significantly enriched proteins (Extended Data Fig. 1d). Com-
parative analyses of all three timepoints revealed atemporal-resolved
CLOCK/BMALIl interactome of 756 proteins during the transcription-
ally active phase, of which 286 (38%) were identified in at least two
circadian timepoints and 470 (62%) were unique to a single circadian
timepoint (Fig. le and Supplementary Table 2). Thisindicates that the
chromatin-associated CLOCK/BMALlinteractomeis temporally regu-
lated, consistent with previous reports describing rhythmic CLOCK/
BMAL1DNA occupancy'®?, time-dependentinteraction of EP300 and
CRY1with BMAL1** and dynamic chromatin accessibility at circadian
enhancers”.ZT7 contained the largest number of interactions (Fig. 1e
and Extended Data Fig. 1e), coinciding with the extensive CLOCK and
BMAL1genomic occupancy inmouse liver at this circadian timepoint'.
Interactors presentatall timepoints and ZT7-specificinteractors were
significantly enriched for rhythmic processes associated with circadian
transcription, including RNA metabolism and transcriptional regula-
tion by RNAPII (Extended Data Fig. 1f and Supplementary Table 2). By
contrast, ZT4-specificinteractors were enriched for nuclear transport
components such as nuclear pore proteins and peptidyl-lysine modi-
fiers (for example, HDAC2, EHMT2 and SUMO1), pointing to a potential
regulation of CLOCK/BMALI nuclearimport and post-transcriptional
modification in the early transcriptionally active phase. Conversely,
E3 ubiquitin ligases were predominantly enriched at ZT10, sug-
gesting a regulation of protein stability and degradation at the late

Fig. 1| Characterization of the CLOCK/BMALI1 proteininteraction landscape
at the chromatin site along the circadian transcriptionally active phase in
mouse liver. a, Graphical representation of the ChIP-MS workflow used to
characterize chromatin-bound CLOCK/BMALI protein complexes across the
transcriptionally active phase in mouse liver. b, Volcano plots representing the
results of a two-sided Student’s two-sample ¢-test with permutation-based FDR
correction using 250 permutations after comparing the intensities of proteins
immunoprecipitated with BMALI1 (left) and CLOCK (right) to IgG (control)
antibodies from mouse liver at ZT7. Coloured symbols denote statistically
significant proteins defined by our FDR cutoffs (S, = 0.5and FDR <0.01),
asindicated by the curved lines. ¢, Venn diagram representing the number

of statistically significant proteins found in BMAL1 and CLOCK ChIP-MS
immunoprecipitates and their overlap between the two baits. d, Scatter plot
representing the Student’s ¢-test FC differences in protein intensities in both
BMALI1 and CLOCK immunoprecipitates compared with IgG control ones,

for commoninteractors. Labelled proteins correspond to those annotated

as ‘rhythmic process’ (GOBP). e, Heat map showing the mean value of the
log,-transformed FCs (Student’s t-test) between BMAL1and CLOCK versus IgG,
from the statistically significantimmunoprecipitated proteins in mouse liver
atZT4,ZT7 and ZT10. Clustering is based on the statistical significance in the
different ZTs. Schematicin a created in BioRender; Aygenli, B. https://biorender.
com/5eqkwst (2026).
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transcriptionally active phase (Extended Data Fig. If). Together, these
findings demonstrate the robustness and utility of our ChIP-MS
approachfor efficiently capturing in vivo DNA-bound CLOCK/BMAL1
proteininteractions and uncovering their dynamic composition across
the transcriptionally active phase in mouse liver.
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the CLOCK/BMALI complex and both ubiquitous and tissue-specific
transcriptional regulators, including TFs, cofactors and chromatin
modifiers>>'°2% To experimentally investigate this, we next extended
our ChIP-MS workflow to mouse kidney and lung with the aim of iden-
tifying tissue-specific CLOCK/BMALLl interactors. These tissues were
selected on the basis of two criteria: (1) after the liver, they display the
largest number of oscillating transcripts® and (2) the circadian clock
is essential for their physiology*~°. Together, we performed ChIP-
MS on mouse liver, kidneys and lungs collected at ZT1, ZT4, ZT7 and
ZT10 using anti-CLOCK, anti-BMAL1 and non-specific IgG antibodies.
Proteins interacting with both CLOCK and BMAL1 were defined using
the same statistical criteria as in the liver. Consistently and as shown
in the liver, our approach robustly immunoprecipitated both baits
and reciprocal partners, which ranked among the most statistically
significant and enriched interactors (Extended Data Fig. 2a). Collec-
tive analysis of all ChIP-MS (n = 144) experiments across tissues and
timepointsidentified 1,510 proteins significantlyimmunoprecipitated
with both baits. Two-thirds of interactors displayed tissue-specificity,
while approximately one-third displayed preferential or overlapping
presenceinany of the three tissues at one or more circadian timepoints
(Fig. 2a,b, Extended Data Fig. 2b and Supplementary Table 3), with
ZT7 as the time with the largest number of interactions in the three
tissues (Fig. 2a and Extended Data Fig. 2b). This corresponds to the
peak of CLOCK/BMALI chromatin binding in the liver'® and our data
suggest a parallel—so far uncharacterized—temporal patternin the
kidney and lung. Consistent with the conserved core clock machin-
ery, proteins with core circadian function were amongthe interactors
shared across tissues (Fig. 2c). Among the tissue-specific interac-
tors, the liver exhibited the largest number, followed by kidney and
lung (Fig. 2a and Extended Data Fig. 2b), a distribution that directly
correlates with the number of circadian rhythmic transcripts and
CLOCK/BMALI cistromes>'*, To determine whether tissue-specific
interactors could be explained by differences in protein abundance,
we performed label-free quantitative proteomics on nuclear input sam-
plesfor each tissue. Principal component analysis (PCA) showed that
nuclear proteomes were clustered primarily by tissue, with over 10% of
proteins showing statistically significant differences between tissues,
while CLOCK and BMAL1levels were consistent across organs (Fig. 2d
and Supplementary Table 4). Among all CLOCK/BMALI tissue-specific
interactors, strikingly, only around 20% showed differential nuclear
abundanceinthe tissue where the interaction with the CLOCK/BMAL1
complexwas detected. This suggests that organ-specificinteractions
arenotlimited tonuclear proteins with exclusive or preferential expres-
sion (Fig. 2e).

To better understand the functional relevance of shared and
tissue-specific interactors, we performed enrichment analysis on
eachinteractiongroup (Fig. 2a). As expected, proteins interactingin
all tissues were associated with canonical CLOCK/BMALI1 functions,
including rhythmic processes, regulation of gene expression and
mRNA processing (Fig. 2f and Supplementary Table 3). Interestingly,
these terms were likewise enriched in tissue-specific clusters, indicat-
ing that CLOCK/BMALI1 complexes cooperate with organ-specific
transcription regulators to shape temporal and tissue-specific
transcription. Consistently, across tissues, 5-10% of interactors rep-
resent TFs or cofactors, many of them displaying tissue specificity
(Fig. 2g and Extended Data Fig. 2c). Collectively, our spatiotempo-
ral analysis demonstrates that the chromatin-associated protein
interaction landscape of CLOCK/BMALL1 is shaped predominantly
by tissue context rather than circadian time, at least within the
timepoints examined here, and cannot be explained solely by
tissue-restricted protein nuclear abundance. Both shared and
tissue-specific interactors comprise known and novel identified
transcription regulators that may modulate CLOCK/BMALI1 function
and thereby contribute to the generation of tissue-specific circadian
transcriptional outputs.

Organ-specific interactions of homeodomain TFs

To assess the functional relevance of tissue-specific CLOCK/BMAL1
interactors, we focused onthree homeodomain TFs: prospero-related
homeobox 1 (PROX1) intheliver, the hepatocyte nuclear factor-1beta
(HNF1B) in the kidney and homeobox protein Hox-A5 (HOXAS) in the
lung. These factors wereidentified within a defined temporal window,
between ZT1and ZT10, coinciding with the peak of CLOCK/BMAL1
transcriptional activity (Figs. 2g and 3a and Extended Data Fig. 3a).
In addition to their shared dynamic interaction, these factors have
well-established roles in developmental processes and cell iden-
tity maintenance in the organs in which they were identified® ™,
making them strong candidates for mediating tissue-specific
transcriptional programmes.

Although transcripts® and proteins from these factors are found
in the three tissues, their levels were highly enriched in the tissue
in which the interaction was identified (Extended Data Fig. 3b,c).
PROX1, HNF1B and HOXAS5 can act as canonical DNA-binding factors
via their homeodomain and as transcriptional coregulators through
direct protein-protein interaction in diverse contexts®**%, Notably,
PROX1 has been linked to circadian regulation in the liver via nuclear
receptor binding, but no direct interaction with CLOCK/BMALI1 has
been reported®*’. This led us to further investigate the interaction
between these homeodomain factors and the CLOCK/BMALI1 het-
erodimer complex. Using reciprocal ChIP-MS at ZT7, we confirmed
that all three proteins co-immunoprecipitated BMALL in the respec-
tive tissues (Fig. 3b and Supplementary Table 5). However, CLOCK
was not detected, suggesting a preferential interaction with BMALIL.
Benzonase treatment did not disrupt the BMAL1-PROXl1 interaction,
asobserved for other direct BMALLinteractors such as CLOCK, NPAS2
and EP300, indicating that this binding is not mediated by nucleic
acids. By contrast, PROX1 was not detected in CLOCK ChIP-MS after
benzonase treatment, such as EP300, which directly binds BMAL1
but not CLOCK?** (Extended DataFig. 3e,fand Supplementary Tables 1
and 5). This BMAL1-dependent interaction was further supported by
co-IP assays: PROX1 efficiently co-immunoprecipitated both BMAL1
and CLOCK only when all three proteins were co-expressed. By con-
trast, inthe absence of BMAL1, PROX1 failed to co-immunoprecipitate
CLOCK. Moreover, BMALI, but not CLOCK alone, consistently
co-immunoprecipitated PROX1, HNF1B and HOXAS (Fig. 3¢ and
Extended Data Fig. 3g). To further examine the temporal specificity
of PROX1, HNF1B and HOXAS interactions in vivo, we performed recip-
rocal IPexperimentsat ZT10 inthe respective tissues. Consistent with
our CLOCK/BMAL1ChIP-MS data at this timepoint, none of the homeo-
domain factors co-immunoprecipitated BMAL1 or CLOCK, whereas
previously reported partners were detected**°, corroborating the
results from the experiments described above (Extended Data Fig. 3d
and Supplementary Table 5).

Collectively, these findings demonstrate that the homeodomain
factors PROX1, HNF1B and HOXAS interact with the positive arm of
the circadian clock in a tissue-specific manner within a defined time
window corresponding to the peak transcriptional phase of CLOCK/
BMALI1activity, with thisinteraction preferentially mediated by BMALL.

Genomicoverlap of BMAL1 and homeodomain TFs

Having shown that PROX1, HNF1B and HOXAS interact with BMALL,
we next examined whether these homeodomain factors colocalize
with BMALI at genomic sites in a tissue-specific manner. To this end,
we performed chromatin IP followed by sequencing (ChIP-seq) for
BMALI and either PROX1 or HNF1B in mouse liver or kidney, respec-
tively. Analysis of BMALI cistromes in both tissues revealed extensive
co-occupancy: 89% of BMALI-bound genomic sites in the liver at ZT7
and 80%inthekidney at ZT8 were also occupied by PROX1and HNF1B,
respectively (Fig.4a and Supplementary Table 6). These co-occupied
sites overlapped substantially between tissues, with PROX1 and
HNFI1B colocalizing with BMALI1 at largely shared genomiclocibutina
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Fig. 2| Spatiotemporal protein interaction landscape of CLOCK/BMAL1 on
chromatin in mouse tissues along the circadian transcriptionally active
phase. a, Heat map showing the mean protein abundance differences resulting
from Student’s ¢t-test comparing BMAL1 and CLOCK with IgG ChIP-MS for
statistically significantimmunoprecipitated proteins in mouse liver, kidney and
lungatZT1,ZT4,ZT7 and ZT10. Proteins are grouped and colour coded on the
basis of statistical significance across tissues: shared interactors in at least two
tissues (group I) or tissue-specific interactors (group Il liver, group Il kidney
andgroup IVlung).b, Zoom-in of group I from a. Proteins are subgrouped on the
basis of statistical significance in the different tissue combinatorial manner.

¢, Heat map with a selection of proteins contained in b based on their annotation
as ‘rhythmic process’ (GOBP). d, PCA of protein intensities quantified in nuclear
input samples for each tissue. Proteins significantly enriched in a tissue-specific

[BRD3 [ANPS2E | @ cofactor

ZT10

manner (ANOVA multiple sample test, S, = 0, FDR <0.001) are colour coded.
BMAL1and CLOCK are labelled. Top right: Venn diagram representing the
number of tissue-enriched and common proteins across the three tissues on

the basis of the ANOVA test results (post hoc Tukey’s HSD test, FDR <0.05).

e, Line plots showing protein intensities (z-scored average (Avr) LFQ intensities)
ineach tissue nuclear input for those proteins in the groups defined in a. Proteins
with statistically significant differences across tissue nuclear proteomes
(fromd) are colour coded asind. f, GOBP enriched terms among proteins in each
defined group froma. g, Graphical representation of TFs and cofactors found
tointeract with CLOCK/BMAL1 on chromatin at the different ZTs in the three
tissues. Proteins identified in two consecutive ZTs are shown in the overlapping
areas denoted by dashed lines. *Proteins identified in three timepoints.

Reg., regulation; dep., dependent; pro., process.

tissue-exclusive manner (Fig. 4b). The overlapping peaks were enriched
for genes involved in circadian processes, such as rhythmic function,
lipid metabolism, transcriptional regulation and DNA damage response
(Fig. 4c). By contrast, tissue-exclusive co-occupied sites overrepre-
sented organ-specific functions: lipid and glucose metabolism genesin
theliverand genes regulating kidney morphogenesis and development
inthekidney (Extended DataFig. 4a). These tissue processes have been
previously attributed to PROX1and HNF1B functionsin the respective

tissue®**2, Furthermore, genome browser inspection alsorevealed a
striking, organ-specific colocalization of BMAL1 with PROX1or HNF1B
at core clock genes such as Cry1, Nrid1 (Rev-erba) and Dbp (Fig. 4d
and Extended DataFig. 4b). Tissue-specific colocalization on selected
genes was further confirmed by ChIP-quantitative PCR (qPCR), cor-
roborating exclusive co-occupancy of BMAL1 with PROX1—but not
HNF1B or HOXAS—inliver sites,and BMAL1 and HNF1B—but not PROX1
or HOXA5—in kidney sites (Fig. 4¢). Together, our data demonstrate
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Fig.3 | The homeodomain TFs, PROX1, HNF1B and HOXAS5, as tissue-specific
CLOCK/BMALIl interactors on chromatin. a, Scatter plots, as shownin

Extended Data Fig. 2a, highlight the bait proteins CLOCK and BMAL1 as well as
the homeodomain TFs PROX1, HNF1B and HOXASin the liver, kidney and lung,
respectively. b, Volcano plots representing two-sided Student’s two-sample ¢-test
results comparing protein intensities from ChIP-MS with PROX1in the liver (left),

HNF1B in the kidney (middle) and HOXAS in the lung (right) at ZT7 compared
withIgG controls. Curve lines are determined by FDR <0.01and S, = 0.5.

¢, Immunoblots showing co-IP results performed after transiently co-expressing
Flag-tagged CLOCK and BMALLI proteins with MYC-tagged PROX1, HNF1B and
HOXAS proteins in HEK293T cells. Actin and IgG were used as loading controls
forinput or IP samples, respectively, in the same gel.

that homeodomain TFs co-occupy a substantial fraction of the BMAL1
cistrome, including core clock genes, ina tissue-specific manner, point-
ing to arole in modulating tissue-specific circadian transcription.

Homeodomain TFs repress CLOCK/BMAL1 activity

To test whether PROX1, HNF1B and HOXAS influence CLOCK/BMAL1
transcriptional activity, we performed transactivation assays using a
luciferase reporter construct containing three tandem E-boxes from
the Perl promoter sites, that we found co-occupied in vivo by BMAL1

and PROX1 or HNF1B (Fig. 4f). Co-expression of PROX1, HNF1B and
HOXA5 with CLOCK/BMALI1significantly reduced reporteractivityina
dose-dependent manner, comparable to the canonical repressor CRY1
(Fig. 4f). These results demonstrate that PROX1, HNF1B and HOXAS act
as transcriptional repressors of CLOCK/BMALI on Perl promoter, in
line with previously reported transcriptional repression function of
PROX1 in other contexts®*®. This repressive function is not mediated
by binding of those factors to alternative motifs at the DNA but rather
to E-box-bound CLOCK/BMALLI, consistent with our data showing direct
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interactions between PROX1, HNF1B and HOXAS5 with BMAL1 in the
absence of chromatin (Fig. 3c and Extended Data Fig. 3f,g).

Wethen used AlphaFold 3 to gain structuralinsightinto theinter-
actions of PROX1, HNF1B and HOXA5 with CLOCK/BMAL1*. AlphaFold
3 predictions yielded remarkable analogous structures for the com-
plex with each homeodomain TFs. Notably, the structure prediction
placed the homeodomain of each factor at the interface with the PAS
domain core of the CLOCK/BMALI heterodimer while sandwiching
the C-terminal TAD of BMALI (Fig. 4g and Extended Data Fig. 5a-c). To
experimentally validate the prediction, we tested the effect of mutating
thecommonBMALI1TAD residues (E614A/L619A) placed at theinterface
for all predicted structures, on PROX1, HNF1B and HOXAS transcrip-
tional repression (Fig.4g,h). While the double mutation (E614A/L619A)
did not affect baseline CLOCK/BMALI transcriptional activity, it sig-
nificantly attenuated the repression exerted by PROX1, HNF1B, HOXAS5
and the canonical repressor CRY1 (Fig. 4i). This was consistent with
previous studies showing that the TAD is essential for CRY1-mediated
repression’, suggesting a similar mechanism for the homeodomain
TFs. Co-IP revealed that BMAL1 mutations (E614A/L619A) did not
affectits interaction with the homeodomain TFs (Fig. 4j), indicating
that, while the TAD residues are required for repression, they are not
essential for physicalinteraction. By contrast, deletion of the homeo-
domain from PROX1, HNF1B or HOXAS abolished BMALL interaction
and, consequently, their repressive effect (Extended Data Fig. 6a—c).
Collectively, our data support a model in which the homeodomains
of PROX1, HNF1B and HOXAS interact with the CLOCK/BMALI1 com-
plex via the PAS core and the TAD of BMALI, enabling tissue-specific
repression of gene expression as a potential mechanism of circadian
transcription regulation.

Homeodomain TFs tune organ circadian outputs

To investigate whether transcriptional coregulation by the homeo-
domain TFs contributes to tissue-specific circadian gene expression,
we generated Prox1, Hnflb and Hoxa5 knockouts (KO) in a mouse
hepatocyte cell line (dihXY)** (Extended Data Fig. 7a). Given the inter-
action of PROX1with CLOCK/BMALI1inthe liver, we hypothesized that
Prox1 deletion, but not Hnflb or Hoxas, affects circadian gene expres-
sion in hepatocytes. In fact, steady-state mRNA levels of core clock
genes Cryl, Dbp and Nrl1d1, whose genomic sites were co-occupied
by BMAL1 and the homeodomain factors in vivo (Fig. 4d), were sig-
nificantly elevated in ProxI-KO cells but unchanged in Hnf1b- and
Hoxa5-KO counterparts. Deletion of Bmall led to a dramatic reduc-
tioninthose mRNAs, as expected (Fig. 5a). Applying the samerationale
to the kidney, we evaluated the impact of HNF1B and PROXI deletion

on the expression of core clock genes in a human kidney epithelial
cell line (HK-2) (Extended Data Fig. 7b). In line with our hypothesis,
we observed that steady-state transcript levels of Cryl, Dbp and Nrid1
were significantly increased in HNF1B-KO HK-2 cells but unaffected
in PROX1-KO counterparts (Fig. 5b). These effects were not due to
alterations in BMALI protein levels caused by the deletion of PROXI
or HNF1B (Extended Data Fig. 7c). Together, these results support our
hypothesis of tissue-specific modulation of CLOCK/BMALI-driven
transcription by homeodomain TFs via transcriptional repression and
further show that this mechanism is not restricted to mouse tissues
or cells butitis instead conserved across species. Next, we assessed
temporal changes in core clock gene expression by performing
reverse transcription (RT)-qPCR on dexamethasone-synchronized
ProxI-KO dihXY and HNF1B-KO HK-2 cells. Although Prox1-KO dihXY
and HNF1B-KO HK-2 cells displayed elevated Cryl, Dbp and Nrl1d1
mRNA levels compared with wild-type (WT) control, the oscillatory
patterns and expression phase remained unchanged (Fig. 5¢,d). A
confirmation of these results was done in an independent Prox1-KO
dihXY clone generated with a different ProxI-targeting guide RNA
(Extended Data Fig. 8a-c). Together, these findings indicate that
PROX1 and HNF1B modulate the amplitude—but not the timing—of
core clock genesinatissue-specific manner. AsBMAL1and the homeo-
domain TFs co-occupy abroad set of genomic sites beyond core clock
genes, we next investigated the impact of ProxI deletion on global
circadian transcription in hepatocytes. To this end, we performed
RNA-sequencing (RNA-seq) in dexamethasone-synchronized control
and ProxI-deleted dihXY cells. Notably, around 60% of oscillating tran-
scripts in control cells lost their rhythmicity* in the absence of Prox1,
indicating a widespread role for PROX1in maintaining circadian tran-
scriptional outputsin hepatocytes (Fig. 5e) Consistent with this broad
effect,among all genes expressed in diHXY cells, 2,925 overlapped with
BMALI1/PROX1 ChIP-seq peaks identified in the mouse liver at ZT7.
DryR analysis classified 2,479 of these genes as arrhythmic and 446
genes (-15%) asrhythmicin WT cells. This proportionisin good agree-
ment with previous reports in the mouse liver, estimating that only
~24% of BMALI-bound genes are rhythmic', particularly given that our
analysis compares liver ChIP-seq data with RNA-seq fromahepatocyte
cellline. Importantly, among the rhythmic BMAL1/PROX1-associated
genes, a substantial fraction, 259 genes (-58%), lost oscillation after
Prox1 deletion, a proportion comparable to that observed when all
expressed genes were considered. By contrast, ProxI deletion had
only a modest effect on non-rhythmic BMAL1/PROX1-associated
genes: 2,141 of the 2,479 arrhythmic genes (-86%) showed no change
inexpression, whereas only small fractions were upregulated (-5%) or

Fig. 4| PROX1, HNF1B and HOXAS5 colocalize with BMAL1 at genomic sites
and repress CLOCK/BMALLI transcriptional activity. a, The overlap between
BMAL1and PROX1 (left) and BMAL1and HNF1B (right) ChIP-seq peaks in the
mouse liver and kidney, respectively. b, The overall overlap between co-occupied
genomic sites of BMAL1-PROX1in the liver and those co-occupied by BMALI-
HNF1Bin the kidney. ¢, GOBP enriched terms from the genes nearest to the
co-occupied genomic sites from b. Enrichment was assessed using Fisher’s
exact test, and no adjustment for multiple comparisons was made. Terms with
P<0.01and anenrichment factor >1were considered. d, IGV views of BMAL1
(black), PROX1 (blue) and HNF1B (green) occupancies at the Cryl, Nridl and Dbp
lociinthe indicated tissue. e, BMAL1, PROX1, HNF1B, HOXAS and 1gG control
signals (percentage input) at Cryl, Dbp, NridI and Efna3 genes in the mouse
liver (left) and kidney (right) at ZT7 analysed by ChIP-qPCR. Values are shown
asmean +s.e.m.ofn=7,7,8,8and 8biologically independent samples for the
5conditions shown from left to right. Statistical significance was assessed by
one-way ANOVA; numbers denote P, values. f, Top: IGV views of BMALLI (black),
PROX1 (blue) and HNF1B (green) occupancies at the Perl genomic locusin the
indicated tissue. Bottom: dose-dependent effect of PROX1, HNF1B and HOXAS
on CLOCK/BMALI1 transactivation of a luciferase gene driven by PerI E-boxes.
Box plots show the median, 25th and 75th percentiles, and whiskers denote
minimum to maximum values. Individual data points for n =4 (n =3 for the fifth

line) biologically independent samples are displayed. Statistical significance
was assessed by one-way ANOVA and the resulting P, are shown. g, AlphaFold 3
predictions of CLOCK/BMAL1 with the factors (left to right): PROXI (blue) iPTM,
0.39; HNF1B (green) iPTM, 0.41; and HOXAS (orange) iPTM, 0.49. The BMAL1-TAD
isdenoted inred and the homeodomains (HD) are denoted in darker colours.
Bottom magnifications display BMALI residues in the TAD domain predicted to
interact with the respective factor. iPTM scores were defined. Disordered regions
(low-confidence prediction regions, B-factor <25) are hidden. h, Schematic
illustration of the predicted amino acid residue interphases (in red) between
PROX1, HNF1B and HOXAS and the BMAL1 TAD domain. The sequence highlights
two BMAL1 TAD residues (E614 and L619) predicted to mediate the interaction
with these HD TFs and the tested mutation version. i, Effect of the BMAL1 E614A
and L619A point mutations on the PROX1, HNF1B, HOXA5 and CRY1repression
effect of CLOCK/BMALI transactivation; asin f, box plots show the median, 25th
and 75th percentiles, and the whiskers show the minimum to maximum values.
Individual data points are displayed. P,q; values resulting from a one-way ANOVA
areindicated in the plot.j, Immunoblots showing co-IP of transiently expressed
Flag-tagged WT, E614A and L619A BMAL1 together with CLOCK and MYC-tagged
PROX1, HNF1B and HOXAS proteins in HEK293T cells. Actin and IgG were used as
loading controlininput and co-IP, respectively, in the same gel.
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downregulated (-8%) (Extended DataFig. 9). Notably, the small fraction
of transcripts that retained rhythmicity included core clock genes,
whichexhibited increased amplitude with unaffected phases (Fig.5e-g,
Extended Data Fig. 7d and Supplementary Table 7), as observed by
RT-qPCR. Loss of rhythmicity after ProxI deletion in dihXY cells was

HNF1B-KO HK-2 cells. A similar loss of rhythmic expressionin those cells
was observed for genes uniquely co-occupied by BMAL1 and HNF1B
in the kidney (Extended Data Fig. 7e-g). Collectively, these results
demonstrate that PROX1and HNF1B modulate BMAL1/CLOCK-driven
gene expression in a tissue-specific manner.

particularly evident for genes whose genomic loci are co-occupied by

BMAL1and PROX1in theliver, including sites BMALI-PROX1exclusive
and shared with HNF1B in the kidney. As expected, rhythmic expres-
sion of genes with shared HNF1B sites in the kidney was also lost in

Discussion
Transcriptional specificity emerges not only from TFs binding
to genomic sites but also from dynamic, chromatin-associated
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Fig. 5| PROX1and HNFIB are tissue-specific regulators of circadian gene
expression. a, Steady-state RT-qPCR mRNA levels in the control and CRISPR-Cas9-
mediated Bmall, Prox1, Hnflb and Hoxa5-KO mouse hepatocytes dihXY. Bars
display meanvalues (+ s.d., n = 4 biologically independent samples) normalized to
control RplpO mRNA levels. Two-tailed t-test; numbers denote P, values. b, Asin
abut for KO of BMALI, PROX1, HNF1b and HOXAS in human kidney cells HK-2. Bars
display meanvalues (+s.d., n = 4 biologically independent samples) normalized
to control RplpO. ¢, Temporal abundance of the indicated RT-qPCR mRNA levels
in control (Cont) and ProxI-KO dihXY cells following dexamethasone (dex)
synchronization. Data represent mean + s.e.m. (n = 3 biologically independent
samples) normalized to non-oscillating RplpO transcript levels.d, Asin ¢, but

in HNFIB-KO and control HK-2 cells. g-values from Perseus periodicity analysis
areindicated for control (black), ProxI KO (blue) and HNFIBKO (green). e, Heat
map of rhythmic (DryR, P< 0.05) transcripts in control dihXY cells (left) and their
corresponding values in ProxI-KO dihXY cells (right) across 36 h following Dex
synchronization. Colours indicate RNA-seq z-scored log,(CPM) mean-timepoint
replicate values (n = 3 biologically independent samples). Top and bottom boxes
contain transcripts that maintained or lost rhythmicity (on the basis of DryR
analysis), respectively, in ProxI-KO dihXY cells. f, Scatter plot showing the
DryR-calculated oscillation phase for clock genes in control (y axis) and ProxI-KO
(xaxis) dihXY cells. g, Bar plots represent the DryR-calculated amplitude values of
the rhythmic core clock genes in control and Prox1-KO dihXY cells.

interactions with coregulators. Here, we systematically mapped the
protein interaction landscape of the core circadian CLOCK/BMAL1
heterodimer across the transcriptionally active phase in three mouse
tissues using an in vivo, chromatin-resolved proteomics approach.
Our atlas substantially extends earlier interaction proteomics studies
performed in cells and tissues'® ™ and uncovers numerous previously
unrecognized, time- and tissue-specific interactors, revealing that
CLOCK/BMALI1complex composition is extensively remodelled across
circadian time and tissue context.

Temporally, the largest number of interactors was detected at
ZT7, coinciding with the reported peak of CLOCK/BMAL1 DNA occu-
pancy in the liver'®* and consistent with oscillations in chromatin
accessibility and epigenetic marks at circadian enhancers*'°. Notably,
a similar pattern was observed in the kidney and lung, where ZT7
also showed the largest number of interactions, supporting the
idea that this timepoint represents a conserved phase of maximal
CLOCK/BMALI chromatin engagement across peripheral tissues.
More broadly, our datasuggest a progressive temporal remodelling of
CLOCK/BMALI-associated complexes: fromarelatively small complex

at ZT1 enriched in canonical CRY/PER repressor constituents, to a
much larger complex at ZT7 containing numerous TFs and cofactors
concurring with the of peak transcriptional activity and finally to
a ZT10 complex enriched for proteins involved in PTMs, including
ubiquitin-dependent enzymes linked to protein stability. This tem-
poral progression provides a plausible mechanistic framework for
the modulation of CLOCK/BMALI activity across the transcriptional
active phase. For example, the rhythmic and potentially competitive
in vivo recruitment of canonical cofactors such as EP300 and CRY1%,
together with ubiquitin-related pathways at ZT10 that may help explain
the previously described role of proteasome-mediated modulation of
CLOCK/BMALI transcriptional activity*.

While time modulates the interactome, tissue specificity emerges
asthe dominant determinant of CLOCK/BMALI1 complex composition,
eventhough CLOCK and BMALI1 protein nuclear levels were comparable
acrosstissues. Approximately two-thirds of allinteractors were unique
to asingle tissue from which only around 20% were more abundantin
the nuclear compartment of that tissue, indicating that differences
in protein abundance alone do not predict interaction specificity, as
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recently reported in other contexts'. How CLOCK/BMALlinteracts with
distinct nuclear proteins, commonly present in all tissues, remains
unknown, but PTMs, such as phosphorylation, which exhibit robust
oscillations in liver nuclear proteins, probably contribute to it®. The
fact that the proportion of organ-specific interactors correlates with
the extension of the circadian transcription output supportsarole for
tissue-specific chromatinenvironments that shape CLOCK/BMAL1DNA
occupancy and thus transcriptional programmes>*'>""?, Alternatively,
distinct, perhaps locus-specific, interactors could modulate CLOCK/
BMALI1 transcription without affecting its DNA binding, explaining the
weak correlation between CLOCK/BMAL1 DNA binding intensity and
target gene expression’?. Benzonase treatment substantially reduced
the number of interactors, confirming that alarge part of the CLOCK/
BMALlinteractions were dependent on nucleic acids, predominantly
associated with chromatin. However, approximately half of the tran-
scriptional factors and cofactors resisted benzonase digestion, sug-
gesting direct protein-protein contacts with CLOCK/BMALI that are
not dependent on DNA.

Collectively, TFs represented 5-10% of the total common and
tissue-specificinteractors. Among thelatter, we found three members
of the homeodomain-containing TF class known for their role in the
development of the tissue withwhich they are associated: PROX1 (liver),
HNFI1B (kidney) and HOXAS (lung). PROX1 has been implicated in the
regulation of glucose, lipid and bile acid metabolism in hepatocytes
and the liver through interaction with nuclear receptors®-¢2%4047,
Given that these physiological processes are under circadian control,
PROX1 function in the liver could also be mediated by its interaction
with CLOCK/BMALL, whereas there isno prior evidence of HNF1B and
HOXAS interacting with the positive arm of the circadian clock. Sup-
porting our in vivo interaction data, AlphaFold-based predictions
yielded highly similar complex structure for each homeodomain TF
bound to CLOCK/BMALL. In all cases, the predictions place an analo-
gous interface between the homeodomain and the PAS core of the
heterodimer as well as the C-terminal TAD of BMALL. Our functional
validation assays confirmed these computational predictions, show-
ing that PROX1, HNF1B and HOXAS5 homeodomains are essential for
the direct interaction with CLOCK/BMALIL. Furthermore, mutation
of two residues at the predicted interphase within the BMAL1 TAD
(E614A/L619A) strongly impaired the repression by all three factors.
This effect mirrors the abrogation of CRY1-mediated repression and
EP300 co-activation observed with other BMAL1 TAD mutants and trun-
cations®. Our findings thus support ashared repression mechanismin
whichhomeodomain factors and canonical clock repressors/activators
converge on the BMAL1 TAD to modulate CLOCK/BMAL1activity, with
tissue specificity conferred by co-occupancy at organ-specificloci. This
is consistent with our observation that PROX1 and HNF1B co-occupy
80-90% of BMALI1 binding sites in their respective tissue, including
core clock gene loci. Notably, other homeodomain TFs have been
reported to occupy similar BMAL1-bound genomic regions in tissues
where they play key developmentalroles, although directinteractions
with CLOCK/BMALI have not been demonstrated. Deletion of those
factorsinadult miceleadstoaberrant circadian transcriptional outputs
with little effect on core clock genes**'. These findings align with our
transcriptomics data showing that deletion of Prox1 in hepatocytes
and HNF1Bin humankidney cells disrupted rhythmic lineage-specific
transcription without affecting core clock gene oscillations.

Takentogether, our findings supportamodelin whichhomeodo-
main factors, through directinteraction with CLOCK/BMALL: (1) shape
tissue-specific circadian transcription and (2) fine-tune core-clock
transcriptional amplitude. In this context, it is tempting to speculate
thatif CLOCK/BMAL1acts as kamikaze TFs, as previously suggested*,
transcription repression by homeodomain TFs may represent amecha-
nism to buffer CLOCK/BMAL1high transcriptional bursts. In this frame-
work, repression viathe BMAL1 TAD could offer an efficient and simple
mechanism for amplitude regulation and environmental entrainment.

Overall, our interaction atlas shows that the conserved positive
arm of the circadian clock crosstalk with temporally and spatially
gated chromatin-associated interactors, including TFs and cofactors,
which shape both core and tissue-specific circadian transcription.
Amongthem, homeodomain TFs, associated with organ development,
emerge as key modulators of tissue-specific circadian output, poten-
tially coupling the clock to organ identity. More broadly, our findings
demonstrate that tissue-specific proteininteractions provide a general
mechanism by which ubiquitous TFs achieve context-dependent activ-
ity. This spatiotemporal interactome atlas offers both a resource for
circadianbiology and a conceptual framework for understanding how
combinatorial protein networks orchestrate in vivo tissue-specific
gene regulation.
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Methods

Animals and tissue collection

Male and female C57BL/6N mice (8-10 weeks of age) were maintainedin
individually ventilated cages under a12-hlight-dark cycle and provided
with sterile food and water under specific-pathogen-free conditions.
Four mice were collected at each timepoint; no statistical methods
were used to predetermine sample sizes. Organs were collected from
WT animals originating from the institutional breeding colony. Animal
housing, breeding and use were conducted in accordance with appli-
cable European and national animal welfare regulations. The animal
facility is registered for the breeding and use of animals for scientific
purposes (KVR-1/221-TA166/22_03-06). No procedures requiring sepa-
rate animal experimentation approval were performed for this study.

Antibodies

For immunoblotting, co-IP, ChIP-MS, ChIP-qPCR and ChIP-seq
experiments, the following antibodies were used: anti-Bmall (Cell-
Signaling, D2L7G, #14020), anti-Clock (CellSignaling, D45B10 - #5157),
anti-IgG (CellSignaling, #2729), anti-Prox1 (ProteinTech, #11067-2-AP),
anti-Hnflb (NovusBio, #NBP1-89680), anti-Hoxa5 (Abcam, EPR2825(2),
#ab140636), anti-Myc (CellSignaling, 9B11, #2276), anti-Actin
(SantaCruz, #sc-47778) and anti-Vinculin (Sigma-Aldrich, #V9264). For
immunoblotting, anti-rabbit IgG, horseradish peroxidase (HRP)-linked
antibody (CellSignaling, #7074) and anti-mouse IgG, HRP-linked anti-
body (CellSignaling, #7076) were used as a secondary antibody.

Plasmids
pcDNA3.Flag-Bmall, pcDNA3.Flag-Clock and pcDNA3-Cryl expression
vectors were a gift from Charles Weitz'*. pCMV-SPORT6-Prox1 (Horizon
Discovery, #MMM1013-202770532), FR_HNF1B (Addgene, #31101) and
pINDUCER-21-HOXAS (Addgene, #97040) encoding the full length
of PROX1, Myc-HNF1B and HOXAS5, respectively, were purchased.
E614A and L619A mutations on pcDNA3.Flag-Bmall was gener-
ated using the Q5 Site-Directed Mutagenesis Kit (NEB, #£0554) using
BMALI_Mut_Forand BMAL1_Mut_Rev primers.
pCMV-SPORT6-Myc-Prox1 was created by cloning the PCR-
amplified ‘5xMyc’ sequence from FR_HNF1B using Myc_Kpni_For
and Myc_Sali_Rev primers using Q5 Hot Start High-Fidelity 2X Mas-
ter Mix (Q5 Mix, NEB, M0494) and inserting it into the Kpni and Sali
sites of the pCMV-SPORT6-Prox1 plasmid (N terminal of ProxI). For
the deletion of the homeodomain of Prox1, pCMV-SPORT6-Myc-Prox1
plasmid was amplified with Prox1_Dell_For and Prox1_Dell_Rev
primers using Q5 Mix. After the phosphorylation and ligation of
the PCR product, pCMV-SPORT6-Myc-Prox1.HD plasmid encoding
homeodomain-deleted (576aa-635aa) Myc-tagged PROX1was obtained.
Homeodomain deletion of HNF1B was generated as follows:
FR_HNF1B plasmid was amplified with Hnflb_HDdel_For and Hnflb_
HDdel_Rev primers using Q5 Mix. FR_HNF1B.HD plasmid encoding
homeodomain-deleted (236aa-313aa) Myc-tagged HNF1B was created.
pCMV-SPORT6-Myc-Hoxa5 plasmid was generated as follows:
Hoxa$5 gene was amplified from pINDUCER-21-HOXAS5 plasmid with
Hoxa5_Kpnl_For and Hoxa5_Notl_Rev primers using Q5 Mix and
inserted into the Kpni and Noti sites of pCMV-SPORT6-Myc-Prox1
plasmid after removing ProxI by cutting the plasmid with Kpni
and Noti enzymes. Homeodomain-deleted Hoxa5 was generated
from pCMV-SPORT6-Myc-Hoxa5 by amplifying the entire plas-
mid with Hoxa5_HomeoDel_For and Hoxa5_HomeoDel_Rev prim-
ers using Q5 Mix. After the phosphorylation and ligation of the
PCR product, pCMV-SPORT6-Myc-Hoxa5.HD plasmid encoding
homeodomain-deleted (196aa-252aa) Myc-tagged HOXAS5 was
obtained. The homeodomain positions of Prox1, Hnflb and Hoxa5
genes were defined according to Uniprot.

BMAL1 Mut_For CGGGGGCCGGTGGCCCCGTT
BMAL1 Mut_RevCATCTGCGGCCAAGAGGCTCATG

Myc_Kpni_For CAAggtaccGGATCGATTTAAAGCTATGG
Myc_Sali_Rev AAAgtcgacGTCGCCCAAGCTCTCCATTTC
Prox1_Dell_For AAGTATGCGCGTCAAGCCAT

Prox1_Dell Rev TTCCTGCATTGCGCTTCCTG
Hnflb_HDdel_For CTTCTTGTTGGTGGGCTCAG
Hnflb_HDdel_Rev AAGCTGGCCATGGACGCCTA

Hoxa5 Kpnl_For CAAgtcgacGGCTCCACCATGAGCTCTTA
Hoxa5_Notl_Rev AAAgcggccgc TGGGTCCTAGGGACGGAAGG
Hoxa5 HomeoDel For CTGAAAAGCATGAGCATGGC

Hoxa5 HomeoDel Rev GCCGCCTATGTTGTCATGACT

Cell culture

DihXY, a mouse hepatocellular carcinoma cell line, was a gift from
Steve A.Kay from the Keck School of Medicine, University of Southern
California, Los Angeles. Human proximal tubular epithelial cell line
(HK-2) and Humanembryonickidney cells (HEK) 293T were a gift from
Dr. Maciej Lech Medizinische Klinik und Poliklinik IV, LMU Munich.
dihXY, HK-2and HEK293T cells were maintained in Dulbecco’s Modified
Eagle Medium (4.5 g L™ glucose, Gibco) supplemented with 10% fetal
bovine serum (FBS, Gibco) and antibiotics (penicillin-streptomycin,
Gibco). Cells were grown and incubated in a humidified incubator
containing 5% CO,at 37 °C.

Time-course experiments were conducted by treating confluent
cellswithdexamethasone (Dex, 1 M) for 1 h. Afterwards, the medium
was changed to a fresh, complete medium without Dex. Cells were
collected after 24 h of incubation.

Luciferase reporter assay (transactivation assay)

HEK293T cells were cotransfected using various plasmids using Lipo-
fectamine 2000 (Thermo Fisher Scientific, #11668027) according
to the manufacturer’s instructions. A total of 22 ng pGL3-Per1E54bp
plasmid (Promega) per well was used to see CLOCK/BMALI transac-
tivation function using its firefly luciferase gene expression driven
by Perl.E-Boxes. A total of 15 ng of pRL-CMV plasmid (Promega) with
Renilla luciferase expression driven by CMV promoter was used as
an internal control to normalize transfection efficiency. The total
amount of plasmid DNA was equalized with the empty pcDNA3
plasmid (Invitrogen) across all conditions. Dual luciferase activity
was measured with a microplate luminometer (GloMax Navigator)
using a Dual-Luciferase Reporter Assay System (Promega, #E1910).
Firefly luciferase signal was divided by Renilla luciferase signal for
the analysis.

Co-IP
HEK293T cells were seeded into six-well plates, and plasmids over-
expressing Flag-tagged BMAL1, mutant BMALI(E614A/L619A),
CLOCK, full-length or homeodomain-deleted versions of Myc-tagged
PROX1, HNF1B or HOXAS5 were separately transfected into different
wells of the plate using Lipofectamine 2000 (Thermo Fisher Sci-
entific, 11668027). Following 36 h of incubation, cells were washed
and collected into IP lysis buffer (50 mM Tris—HCI (pH 8.0), 150 mM
NacCl, 1% Triton X-100,1 mM dithiothreitol (DTT) and protease inhibi-
tors (Roche, #04693116001)). After the 30-min incubation oniice,
samples were centrifuged at 21,000g for 10 min at 4 °C and the
supernatant was collected. An equal volume from each sample was
mixed and incubated at 30 °C for 2 h with agitation (1,350 rpm). Flag-
tagged BMALI and Flag-tagged CLOCK proteins were collected from
mixtures by incubating 20 pl Anti-FLAG M2 Affinity Gel (Sigma-
Aldrich, #A2220) for 2 h at 4 °C on a roller shaker. Beads were
then washed three times with cold TBS (pH 7.4) and resuspended
in 1x Laemmli buffer to run in SDS-polyacrylamide gel electro-
phoresis (PAGE).

MYC-PROX1 co-IP was performed following the procedure
explained above using 1 pl anti-MYC antibody and 10 pl Magna ChIP
Protein A+G Magnetic Beads (Sigma-Aldrich, #16-663) per sample.
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Generation of KO cells

Genetic deletion of Bmall, Prox1, Hnflb and Hoxa5 genes was achieved
by CRISPR-Cas9 editing’. Paired single guide RNAs (sgRNAs) were
designed for each gene®. Annealed and phosphorylated sgRNAs were
cloned into the px459 (Addgene plasmid ID 62988). Newly gener-
ated plasmids were transfected into dihXY and HK-2 cells using Lipo-
fectamine 3000 (Thermo Fisher Scientific). Following antibiotic
selection using puromycin (Gibco, #A1113803), single-cell-derived
clones were collected and screened by western blotting for the loss
of the target genes.

For dihXY, the gRNA sequences are:
Bmall:forward CATCAATGAGTCGCTCCC
Reverse CGGGAGCGACTCATTGATG
ProxI_gRNAL: forward CGGGTTGAGAATATCATTC
Reverse GAATGATATTCTCAACCCG

Prox1_ gRNA2: forward ACTTCTCGGACGTGAAGGTA
Reverse TACCTTCACGTCCGAGAAGT

Hnf1b: forward ACAAGAAGATGCGCCGCAA
Reverse TTGCGGCGCATCTTCTTGT

Hoxas: forward CGGCTACGGCTACAATGGC
Reverse TGCCATTGTAGCCGTAGCCG

For HK-2 cells, the gRNA sequences are:
Bmall:forward TTATCACACTACGGAGTCGA
Reverse TCGACTCCGTAGTGTGATAA

Prox1: forward CGTCATCATTCCGAACCCCC
Reverse GGGGGTTCGGAATGATGACG

Hnf1b: forward CCGCAACCGGTTCAAATGG
Reverse CCATTTGAACCGGTTGCGG

Quantitative real-time PCR

Total RNA from collected cells was isolated using RNeasy Kit for RNA
Purification (Qiagen, 74106). An equal amount of isolated RNAs from
each sample was reverse transcribed into cDNA using RevertAid First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, #K1622). qPCR
fromtranscripts was performed with SYBR Green (Biorad, #1708880)
using Roche Light Cycler 480. For the quantification of mRNA expres-
sion, ACt was calculated by subtracting Ct of the control gene (Rplp0)
from Ct of the target gene and the expression level was assessed
by 2%, These results were further used for the statistical analysis to
determine the significant difference in the mRNA expression level
of genes between experimental groups. Perseus (versions 1.6.15.0)
periodicity analysis®* was performed with the time course RT-qPCR
experiments using 2*“ values for each dataset.

The primers for human (h) and mouse (m) sequences are:
h/mRplpO:forward TCTCGCCAGGCGTCCTC
Reverse CGCATCATGGTGTTCTTGCC
mCrylI:forward CACCATCCGCTGCGTCTAT
Reverse AAATCGCCACCTGTTGATGC
mNrldl:forward GCAAGGGCACAAGCAACATT
Reverse GCACTCCATAGTGGAAGCCT

mDbp: forward ACAGCAAGCCCAAAGAACCG
Reverse CCCACCGCCACTAACGG
hCryI:forward CCTCCAATGTGGGCATCAAC
Reverse TCTGCTGGTTGTCCACGAAT
hNridI:forward TGAATGGCATGGTGTTACTG
Reverse CAGGCGTGCACTCCATAGT

hDbp: forward AGGCAAGAAAAATCCAGGTG
Reverse GCCTCGTTGTTCTTGTACCG

Protein extraction and western blotting

Cellswere collected and lysed in SDClysis buffer (2% SDC (v/v),100 mM
Tris—HCI, pH 8.5) for westernblotting. Protein concentrations of sam-
ples were determined by using the Bicinchoninic Acid Protein Assay

(BCA Protein Assay Kits, Thermo Scientific, #23225). A total of 30 ug
protein from each sample wasloaded into an acrylamide gel. Separated
proteins were transferred onto the nitrocellulose membranes (0.45 um,
Amersham Protran) using the Biorad transfer system. Nitrocellulose
membranes were blocked with 5% milk in TBS-T before incubation with
1:2,000-diluted primary and 1:5,000-diluted secondary antibodies.
After overnight incubation, membranes were developed with ECL
Substrates (Thermo Fisher Scientific, SuperSignal West Pico PLUS) for
the appropriate time. Images were captured using the ChemidocTM
XRS+system and visualized using Image Lab Software 3.0.

ChIP-MS

Liver, kidney and lung tissues from four individual WT mice collected
at different timepoints (ZT1, ZT4, ZT7 and ZT10) were separately
homogenized and simultaneously crosslinked over 10 min as follows:
each 100 mg of tissue was minced using a scalpel in the presence of
1 mlcrosslinking solution at room temperature (RT, 1% formaldehyde
(Sigma-Aldrich, #F8775) in PBS) and homogenized by using a 7-ml
glass dounce with tight pistil (B) until the solution became smooth.
Homogenized tissues were rotated on the roller shaker until the 10-min
incubation period was up. The crosslinking was quenched by adding
1.25Mglycine solution to a final concentration of 125 mM. After 5 min
ofincubationonaroller shaker at RT, the homogenized tissue was pel-
leted with centrifugation at1,000gfor 3 min at 4 °C. After washing the
sample twice with ice-cold PBS, the pellet was resuspended and incu-
bated with 1 ml cold Fast IP Buffer (150 mM NaCl, 5 mM EDTA (pH 7.5),
5mMEDTA (pH7.5),1% Triton X-100, 0.5% iGepal and protease inhibi-
tors) for 10 minonice and then homogenized with 22-G and 25-G nee-
dles, respectively. Afterwards, samples were centrifuged at 8,000g
for1minat 4 °C, supernatants were discarded and pellets were resus-
pended again in 1 ml Fast IP Buffer and homogenized with needles
beforefiltering with the cell strainer (70 um) attached toa 50-ml Falcon
tube. After centrifugation, nuclear pellets were lysed with 1 mlice-cold
shearingbuffer (1% SDS, 10 pM EDTA (pH 8.0), 50 mM Tris-HCI (pH 8.0)
and protease inhibitors). After 10 min of incubation on ice, nuclear
lysates were transferred into a polystyrene Falcon tube and sonicated
(sheared) on maximum output setting, 30 cycles (on/off,30/30 s) in
Bioruptor (Diagenode) at 4 °C until chromatin was sheared to an aver-
age DNA fragment length of £500 base pairs (bp). Sheared chromatin
was then centrifuged at 21,000g for 10 min, and supernatants were
collected. Protein concentration was determined with the BCA assay
following the manufacturer’s protocol. Fromthis, 100 pg protein was
kept for the input proteome (see the ‘Sample Preparation of Input
Proteome for LC-MS/MS’ section).

For each antibody-bait protein, quadruplicates of ChIP were pre-
pared. Each ChIP was prepared as follows: 1 mg protein from frag-
mented DNA samples were diluted tenfold with dilution buffer (0.01%
SDS, 1.1% Triton X-100, 1.2 mM EDTA (pH 8.0), 16.7 uM Tris—-HCI (pH
8.0),167 mM NaCl, protease inhibitors) and the appropriate amount of
antibody was added on it. After overnight incubation of the antibody
withthesample onarollershakerat4 °C,20 plMagna ChIP Protein A+G
Magnetic Beads (Sigma-Aldrich, #16-663) were added and incubated
onaroller shaker for 2 h at 4 °C. Beads were then washed three times
with cold low-salt buffer (50 mMHEPES (pH7.5),140 mMNacCl, 1% Triton
X-100), once with cold high-salt buffer (50 mM HEPES (pH 7.5), 500 mM
NaCl, 1% Triton X-100) and once with cold TBS (50 mM Tris-HCI (pH 7.5),
150 mM NacCl), respectively, by placing tubesin a magnetic rack. After
the aspiration of TBS, beads were resuspended by adding 100 pl elu-
tionbuffer (2 Murea (always prepared fresh), 50 mM Tris-HCI (pH 7.5),
2mMDTT, 10 mM chloroacetamide (CAA) and 20 pg ml™ trypsin) and
trypsinized overnight at 25 °C with agitation (1,350 rpm). Digested
peptides were then purified and desalted with SDP-RPS StageTips.

The same ChIP-MS protocol was applied for the benzonase treat-
ment, but the shearing and dilution buffers did not contain EDTA.
Following the shearing and BCA measurement, the dilution buffer
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(containingan extral mM MgCl), containing benzonase (Sigma-Aldrich,
#E1014-25KU), was added to the fragmented DNA. Samples were incu-
bated with benzonase for 30 min at RT on aroller shaker. Thereafter,
1.2 mM EDTA was added to the samples and the addition of antibody
and dilution buffer was continued as explained above.

Sample preparation of input proteome for LC-MS/MS

The proteome of nuclear-enriched input materials of ChIP-MS samples
was prepared for each tissue (liver, kidney and lung) and timepoints
ZT4,7Z7T7 and ZT10. A total of 100 pg protein from fragmented DNA
from each sample was mixed with 100% acetone to a final concentra-
tion of 80%, to then be precipitated using acetone. After overnight
incubation, proteins were collected by centrifugation at 21,000g for
10 min at 4 °C. After washing twice with 80% acetone, protein pellets
were dried and dissolved in 200 pl SDC lysis buffer (2% (w/v) SDC,
100 mM Tris—-HCI (pH 8.5)). Samples were then boiled at 95 °C for 5 min
and homogenized by sonicationat 4 °C (ten cycles (30/30 s) maximum
output), after being cooled down. Following the measurement of pro-
tein concentrations with BCA, 10 pg protein was alkylated and reduced
by adding 1:10 volume of the reduction-alkylation solution (100 mM
TCEP,400 mM2-CAA, pH-7.0). After 5 min ofincubation at 45 °C with
agitation (1,350 rpm), samples were digested with trypsin and LysC
enzymes at an enzyme/protein ratio of 1:100 at 37 °C overnight with
agitation (1,350 rpm).

Digested peptides were then purified and desalted in athree-layer
in-house-made SDB-RPS StageTips as follows. First, StageTips® were
equilibrated with100 pl solution1(100% acetonitrile (ACN)), solution2
(30% methanol with 0.2% trifluoroacetic acid (TFA)) and solution 3
(0.2% TFA), respectively, with in-between centrifugation at 600g at
RT until all liquid had passed through. For input proteome samples,
digested peptides were acidified with the addition of 1:1 (v/v) volume
of 100% isopropanol containing 2% TFA to a final concentration of 1%
TFA and loaded into equilibrated StageTips. For ChIP-MS, digested
peptides were acidified with TFA to a final concentration of 1% and
loaded into equilibrated StageTips. After centrifugation at 600g, tips
were washed twice with100 plisopropanol and100 pl0.2% TFA, respec-
tively. Peptides were eluted by adding 60 pl elution buffer (0.625%
ammonium hydroxide (NH,OH) in 80% ACN) and collected into clean
tubes via centrifugation at 600g at RT. After drying eluted peptides
using a SpeedVac centrifuge at 45 °C, samples were dissolved in A*
Buffer (2% ACN, 0.1% TFA) and stored at —20 °C until MS measurement.

LC-MS/MS measurement and processing

For both ChIP and proteome samples, 200 ng peptides were loaded
into 50-cm, in-house packed reversed-phase columns (75-pm inner
diameter, ReproSil-Pur C18-AQ 1.9-pm resin (Dr. Maisch GmbH)) kept
on an oven (Sonation) at 60 °C and mounted to the EASY-nLC 1200
system (Thermo Fisher Scientific).

ChIP-MS data. Peptides were separated in Buffer B (80% ACN with
0.1% formic acid (FA)) over a gradient of 90 min in length (5% to 30%
Buffer Bfor 70 min followed by 60% for 6 min, 95% for 8 min and 5% for
3 min) with a flow rate of 300 nl min™. Eluted peptides were electro-
sprayed, viaanano-electrospray source, into an Orbitrap Exploris 480
Mass Spectrometer (Thermo Fisher Scientific) using data-dependent
(DDA) mode, acquired with scanning of the top 20 method encompass-
ingan MSl1survey scanrecorded with300-1,650 m/zrange and 60,000
resolution. Raw files were processed with the MaxQuant Software
(version 2.1.1.0) searching against the UniprotKB mouse database
(release 2022) using default settings and with label-free quantification
(LFQ) enabled (minimum ratio count of 1and match between runs)*®.

Nuclear input proteome samples. Peptides were separated in Buffer B
(80%ACNwith 0.1% FA) over agradient of 120 mininlength (5% to30%
Buffer B for 95 min followed by 60% for 5 min, 95% for 10 min and 5%

for 5 min) with aflow rate of 300 nl min™. Eluted peptides were electro-
sprayed, viaanano-electrospray source, into an Orbitrap Exploris 480
Mass Spectrometer (Thermo Fisher Scientific) using data-independent
(DIA) mode, acquired with the following parameters: full scan range
0f350-1,000 m/zataresolution of120,000. The AGCwas set to 300%
at a maximum injection time of 45 ms. Higher-energy collisional dis-
sociation (HCN) (normalized collision energy (NCE) 30%) was used for
precursor fragmentation and resulting fragment ions were recorded
in 84 DIA windows at a resolution of 15,000. Resulting raw files were
processed with DIA-NN 1.8.2 beta 22 using an in silico spectral mouse
library enabling N-terminal methionine excision, cysteine carbamido-
methylation and one missed cleavage. The peptide length range was
set to 7-35 amino acids, and the precursor m/z range was 350-1,000.
For the rest, default parameters were used and the match between
runs was not activated.

BMAL1and CLOCK ChIP-MS at ZT1and PROX1, HNF1B and HOXA5
ChIP-MS at ZT10 samples. Peptides were separated in Buffer B
(80% ACN with 0.1% FA) over a gradient of 100 min in length (5% to
30% Buffer B for 75 min followed by 60% for 5 min, 95% for 10 min and
5% for 5 min) with a flow rate of 400 nl min.. Eluted peptides were
electrosprayed, via a nano-electrospray source, into an Orbitrap
Exploris 480 Mass Spectrometer (Thermo Fisher Scientific) using
DIA mode, acquired with the following parameters: full scan range of
350-1,000 m/z at a resolution of 120,000. The AGC was set to 300%
at a maximum injection time of 45 ms. HCN (NCE 30%) was used for
precursor fragmentation and resulting fragmentions wererecordedin
84 DIA windows at a resolution of 15,000. Resulting raw files were
processed with DIA-NN 2.2.0 using an in silico spectral mouse library
enabling N-terminal methionine excision, cysteine carbamido-
methylation and one missed cleavage. The peptide length range was
set to 7-35 amino acids, and the precursor m/z range was 350-1,000.
For the rest, default parameters were used and the match between
runs was not activated.

Statistics and reproducibility

ChIP-MS data. Quantified ChIP-MS intensities were imported into
Perseus (versions 1.6.15.0 and v1.6.10.50) for downstream analysis.
Before analysis, common contaminants, reverse sequences proteins
only identified by site and immunoglobulin chain isoforms were
removed. LFQ intensities were log,-transformed.

For each tissue and ZT, statistical analysis of the bait proteins
BMALI1 and CLOCK was individually conducted versus IgG control
ChIP-MS data in biological quadruplicates. Proteins with fewer than
three valid LFQ values in either the BMALI1, CLOCK, or IgG ChIP-MS
replicates were excluded. Missing values inIgG control replicates were
imputed from aleft-shifted normal distribution at the lower tail of the
global intensity distribution (down-shift, 2.5; width, 0.1). For statisti-
cal comparison between bait and IgG controls, Student’s two-sample
t-test with permutation-based FDR correction (250 permutations) was
performed asimplemented in Perseus. An FDR of 0.01 withan §,value
of 0.5 was used for liver and kidney datasets, and an FDR of 0.05 with
an$,of 0.1forlung datasets. This analysis yielded a list of significantly
enriched proteins for each timepointin BMAL1 ChIP-MS versus IgG (for
example, BMAL1_ZT4) and CLOCK ChIP-MS versus IgG (for example,
CLOCK_ZT4).Proteins significantly enriched inboth BMAL1and CLOCK
were intersected to define a final set of enriched proteins for a tissue
atacertain ZT (for example, List of Liver_ZT4). Proteins exclusively
enriched only in BMALI or only in CLOCK ChIP-MS were not considered
for further analysis.

PCA of lung datasets revealed several outlier replicates, which
were excluded from downstream analysis: BMAL1_ZT4 _rep3, CLOCK_
ZT4 rep4,1gG_ZT4 rep3,BMALL_ZT7_rep4, CLOCK ZT7_rep2,1gG_ZT7_
rep3, BMAL1_ZT10_repl, CLOCK_ZT10 rep3andIgG_ZT10_rep4. After
removing these outliers, proteins with less than two valid LFQ values
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across the remaining replicates were filtered out. Finally, significantly
enriched proteins from all nine datasets were integrated using their
individual log, fold change (FC) values for downstream analyses.

The functional enrichment analysis was performed in Perseus
(v1.6.15.0) using Fisher’s exact test (P value <0.01) compared with an
in silico mouse background gene list. Enriched Gene Ontology
Biological Process (GOBP) terms were further filtered to retain entries
withanenrichmentfactor>1andanintersection size >5. TFs and cofac-
tors were defined and annotated on the basis of AnimalTFDB4.0"".

Nuclear input proteome samples. Quantified nuclear proteome
intensities were imported into Perseus (v1.6.15.0 and v1.6.10.50)**. After
log, transformation of protein intensities, proteins with at least four
valid values were retained in any tissue, independent of timepoints.
Remaining missing values were imputed from a left-shifted normal
distributionat the lower end of the global intensity range (down-shift,
2.0; width, 0.1). To assess significant differences between tissues (liver,
kidney and lung) independent of time, a one-way analysis of variance
(ANOVA) multiple sample test with apermutation-based FDR at 0.001
was performed. Post hoc Tukey’s honestly significant difference (HSD)
testing identified pairwise differences between groups (FDR of 0.05).
Proteins significantly enriched in only one tissue were considered
tissue exclusive.

ChIP-seq

The ChIP-seq protocol was followed with small modifications as
reported*®.In detail, 150 mgtissue was divided into three pieces (50 mg)
and placed in 2-ml tubes with 1 ml of lysis buffer (10 mM HEPES-KOH
(pH7.3),10 mMKCI, 5 mM MgCI2,0.5 mMDTT and protease inhibitors)
and a stainless bead. Homogenized tissue lysates using a TissueLyser
(30 Hz) for 2 min were filtered through a cell strainer (70 pum) and
pooledintoa50-mlFalcontube. Following centrifugation at RT,2,000g
for3 min, supernatants were discarded and pellets were crosslinked by
incubating with 10 ml 1% formaldehyde (in PBS) on gentle shaking for
15 min at RT. The crosslinking reaction was stopped by adding 1.5 ml
1M glycine to the sample. Samples were incubated for an additional
5 min at RT with gentle shaking before being centrifuged at 2,000g
for 10 min. Pellets were washed with cold PBS and resuspended in
1ml cold Fast IP buffer (150 mM NaCl, 5mM EDTA (pH 7.5), 5 mM Tris
(pH7.5),1% Triton X-100, 0.5% NP40 and protease inhibitors). Samples
were homogenized again and mechanically lysed by going through a
syringe (24 G). After centrifugationat13,800gfor1 minat4 °C, pellets
were resuspended in shearing buffer (1% SDS, 10 uM EDTA (pH 8.0),
50 mM Tris—HCI (pH 8.0) and protease inhibitors) and sheared using
aBioruptor until the average 1-kb chromatin length. After centrifuga-
tionat13,800g, 4 °C for10 min, 10% of the supernatant was saved as an
input and the rest was diluted 1:10 in dilution buffer (0.01% SDS, 1.1%
Triton X-100,1.2 mM EDTA (pH 8.0),16.7 mM Tris (pH 8.0), 0.167 M NaCl
and protease inhibitors). Samples were incubated with the specified
antibodies (8 pg) overnight at 4 °C in a rotating wheel. Dynabeads
(M-280 Sheep Anti-Rabbit IgG, Thermo Fisher Scientific, #11203) were
prewashed and blocked with 5% BSAin PBS overnightat4 °Conarota-
tion wheel. Next, beads were added to the chromatin-IP solution and
incubated for 6 h at 4 °C on a rotating wheel. Beads were collected
using a magnetic rack and washed six times with cold Fast IP buffer.
After the last wash with Tris-EDTA (TE) buffer, beads were incubated
with100 plBeads Elution Buffer (105 pl NaHCO3 (1 M), 52.5 1 20% (w/v)
SDS and 892.5 pl H,0) in a thermoblock with agitation (1,000 rpm).
After collecting the samples, a second elution was performed. Input
materialand 200 pl of theyielded samples were reverse crosslinked by
incubating with 300 mM NaCl overnight at 65 °C. The next day, samples
were incubated with RNase A (Thermo Fisher Scientific, #EN0531) for
30 min at 37 °C and then with proteinase K (Thermo Fisher Scientific,
#AM2546) for2 hat 56 °C. Then, chromatin was purified using the PCR
purification Kit (Qiagen, #28004).

Library preparation and sequencing were conducted at
BGI-Genomics in Hong Kong, China, using the DNBseq platform
(project no. F23A430001964). Sequencing reads were aligned to the
Mus musculus GRCm39 genome (Ensembl release 111) using Bowtie2
v2.5. The aligned chromatin fragments were converted to BED files
using bamToBed (Bedtools v2.31), read into R as GRanges objects,
converted to coverage and exported in bigWig format for visualization.
Peak calling was performed using HOMER v4.11 with default parameters
to identify enriched regions. Only peaks that overlapped with the
BMALI1 binding regions defined in ref. 11 were considered for down-
stream analyses of BMAL1, PROX1and HNF1B ChIP-MS experiments.

The functional enrichment analysis was performed by Perseus
(v1.6.15.0) using Fisher’s exact test (Pvalue <0.01) and compared withan
insilicomouse genelist. Enriched Gene Ontology terms of Biological Pro-
cesswere further filtered (enrichment factor >1, intersection size >50).

ChIP-qPCR
Chromatin IP was performed as explained until the washes of magnetic
beads (see details in the ‘ChIP-MS’ section). We kept 10% of the ChIP
starting material as an input. Following the last wash of beads with
TBS, antibody-protein-DNA complexes were eluted by the incubation
of beads within 200 p elution buffer (1% SDS, 0.1 M NaHCO; (pH 8.0))
for 15 min at 37 °C with agitation (1,350 rpm). The supernatant was
transferred to another tube after the spin down of the beads. This
step was repeated two more times with 150 pl elution buffer. The
solution was then reverse crosslinked by incubating with 300 mM
NaCl overnight at 65 °C with agitation (1,350 rpm). The following day,
samples were treated with RNase A for 30 min at 37 °C and Proteinase
K for 2 h at 56 °C, respectively. Then, DNA was purified with a PCR
purification kit (Promega, #A6752). qPCR of purified DNAs was per-
formed as explained (see the ‘Quantitative real-time PCR’ section).
For the analysis, ACt was calculated by subtracting Ct (ChIP) from
Ct (input), and the percentage input (% input) was assessed by 2,
Primer sequences for ChIP-qPCR were defined according to
ChIP-seqresults:

Cryl:forward GCTTCTCATTGGGCGGCAT
Reverse CGCATCATGGTGTTCTTGCC
Dbp:forward CAAAAACCAGTGCTGCACATTC
Reverse CGCATCACGTGTGGCCTA

NridI: forward CACCCCAACGAGGAACCC
Reverse GGGGTTTTCCTTGCGACAGA
Efna3:forward TAGGCTACTGCAGGTCTGTCAA
Reverse GGCTCCCACCTCTCATCACG

AlphaFold 3 protein complex prediction

Protein complex structure predictions were carried out using Alpha-
Fold 3 (ref. 43) (https://alphafoldserver.com/). For the model genera-
tions, mouse proteins CLOCK (UniProt ID: 008785), BMALI1 (UniProt
ID: Q9WTLS8), PROX1 (UniProtID: P48437), HNF1B (UniProt ID: P27889)
and HOXAS (UniProt ID: P09021) were used. The best output model
(ranked automatically in the pipeline 0-4 from the best to the worst
according to pLDDT as a per-residue measure of local confidence)
was visualized and analysed using ChimeraX®. The confidence of the
predictions was evaluated with Predicted Aligned Error (PAE). PAE is
the expected positional error at residue X, measured in Angstroms
(A), if the predicted and actual structures were aligned on residue Y.

RNA-seq

DihXY cells (WT and Prox1 KO (n =3 per timepoint)) were treated
with dexamethasone and collected 24 h after the synchronization
at 4-h intervals over 36 h. Cell pellets were collected and RNA was
isolated using the RNeasy Kits for RNA Purification (Qiagen, 74106).
RNA sequencing was performed at the Sequencing Core Unit at the
TranslaTUM, Technical University Munich (TUM).
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Library for bulk-sequencing of poly(A)-RNA was prepared
accordingly®®, and barcoded cDNA of each sample was generated with
aMaximaRT polymerase (Thermo Fisher) using oligo-dT primer con-
taining barcodes, unique molecularidentifiers (UMIs) and an adaptor.
5’-Ends of the cDNAs were extended by a template switch oligo (TSO),
and full-length cDNA was amplified with primers binding to the TSO
site and the adaptor. NEB Ultrall FS kit was used to fragment cDNA.
After end repair and A-tailing, TruSeq adapters were ligated and 3’-end
fragments were finally amplified using primers with lllumina P5and P7
overhangs. The library was sequenced on a NextSeq1000 (lllumina)
with 100 cycles for the cDNA in read 1 and 18 cycles for the barcodes
and UMlIsinread 2. Datawere processed using the published Drop-seq
pipeline (v1.0) to generate sample- and gene-wise UMI tables®’. The
reference genome (GRCm38) was used for alignment. Transcript and
gene definitions were used according to GENCODE M25. Differential
expression analysis was performed inRv.4.2.2 with DESeq2 v.1.38.2%%,

For periodicity analysis and downstream data visualization, the
first RNA-seq counts were normalized using counts per million (CPM)
normalization to generate a matrix with log,-transformed values.
Differential rhythmicity analysis was performed using the dryseq()
function from the R package dryR* using default parameters and
periodsetto 24 h.No additionalfiltering was applied to the dryR output
models. Statistically significant rhythmicity values were obtained for
individual transcript time series data using the R package MetaCycle®
(v1.2.0), with cycMethod ‘JTK’, a min(per) of 21, and a max(per) of 27.
Rhythmicity cutoffvalues were set up to P < 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Proteomics data have been deposited to the ProteomeXchange Con-
sortiumvia the PRIDE® partner repository with the dataset identifiers
PXD062751 and PXD077567. RNA-seq data are available in the Euro-
pean Nucleotide Archive (ENA) under accession no. PRJEB93884, and
ChlIP-seqdataat the Gene Expression Omnibus (GEO) under accession
no. GSE302237. AlphaFold 3 interaction prediction parameters can
be provided during the revision process on editorial and/or review
request. Source data are provided with this paper.
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Extended Data Fig. 1| Temporal CLOCK/BMALI1 chromatin interactome at the
circadian transcriptionally active phase in the mouse liver. a, Gene Ontology
Biological Process (GOBP) terms significantly enriched (one-sided Fisher’s exact
test against an in-silico mouse gene list background, no adjustment for multiple
comparisons, P <0.05, enrichment factor > 1, intersection size > 5) among those
proteins commonly interacting with BMAL1and CLOCK at chromatin in mouse
liver at ZT7. b, Heatmap showing differences in protein abundance, assessed

by Student’s t-test, between BMAL1/CLOCK and IgG immunoprecipitates in
mouse liver at ZT7, with or without benzonase treatment. The left column shows
proteins significantly enriched in both BMAL1 and CLOCK immunoprecipitates
compared with IgG, whereas the two right columns show proteins significantly
enriched in either BMAL1 or CLOCK immunoprecipitates compared with IgG.
Proteins are clustered based on their statistical significance in benzonase-treated
and untreated samples. ¢, Percentage of proteins significantly enriched inboth

benzonase-treated and non-treated samples (overlapping) and those exclusively
identified in non-treated samples. d, Scatter plots showing Student’s t-test
differences in protein intensities for commoninteractorsidentified in both
BMALI1 and CLOCK immunoprecipitates compared with IgG controlsin liver at
ZT4 (top) and ZT10 (bottom). Colored symbols indicate statistically significant
proteins based on the applied cut-offs: FDR < 0.01and SO = 0.5. e, Barplots
representing the number of statistically significant proteins interacting with
both BMAL1and CLOCK at each ZT in mouse liver. Colors denote the number

of interactors found in two or three ZTs (common) or exclusivelyinone ZT
(time-specific). f, Gene Ontology Biological Process (GOBP) terms significantly
enriched (one-sided Fisher’s exact test, P < 0.05, Enrichment Factor >1.75,
intersection size >5) among proteins commonly interacting with BMAL1and
CLOCK in each defined group (from Fig. 1e) based on their temporal interaction
pattern. The three most enriched terms are represented for each group.
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Extended DataFig. 2 | Distinct chromatin interaction profiles of CLOCK/
BMALI1 across tissues. a, Scatter plots representing Student’s t-test differences
in proteinintensities for both BMAL1and CLOCK compared to IgG control
immunoprecipitates, for common interactorsin liver, kidney and lung at

each ZT. Colors represent the two FDR-based confidence significant cut-offs.

b, Bar plots represent the number of statistically significant proteins interacting

Number of Interactor

with both BMAL1 and CLOCK in eachtissue and ateach ZT. Colors in each bar
denote the number of interactors found in two or all three tissues (common)
orexclusively detected in one tissue (unique). ¢, Bar plots show the percentage
ofthe total CLOCK/BMALL interactors represented by the transcription
factors and cofactors (a total of 79 and 128, respectively) across tissue-defined
groups (I I, llTand IV).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| BMALI1 interacts with PROX1, HNF1B and HOXAS
independently of chromatin. a, Heatmap showing the mean abundance
differences of BMAL1, CLOCK, PROX1, HNF1B and HOXA5 resulting from the
Student’s t-test comparing BMAL1 and CLOCK versus IgG ChIP-MS in mouse
liver, kidney and lung at ZT1,ZT4, ZT7 and ZT10. White indicates no statistical
significance or no detection. b, Scatter plot of the Principal Component Analysis
asin Fig. 2d highlighting the position of the homeobox transcription factors,
PROX1, HNF1B and HOXAS. ¢, Normalized expression levels of Prox1, Hnflb

and Hoxa5 in liver, kidney and lung from**. Horizontal lines indicate the mean
and error bars the +s.d.; n =4 biologically independent samples per tissue.

d, Volcano plots representing two-sided Student’s t-test results with permutation-

based FDR correction using 250 permutations comparing protein intensities
from ChIP-MS with PROX1 in liver (left), HNF1B in kidney (middle) and HOXA5

inlung (right) at ZT10 compared to IgG controls. Curved lines are determined

by FDR < 0.01and SO = 0.5. e, Heatmap showing the Student’s t-test protein
abundance difference calculated as amean for BMAL1and CLOCK versus IgG
(left column) or BMAL1 or CLOCK versus IgG (right two columns) ChIP-MS for
statistically significantimmunoprecipitated proteins in mouse liver at ZT7 in the
presence or absence of benzonase. Right panel displays the values for selected
proteins. f, Asin e, but with the Student’s t-test results comparing PROX1 with IgG
ChIP-MS of liver at ZT7 in the presence or absence of benzonase. The right panel
displays the values for the bait itself, PROX1and BMALL. g, Immunoblots showing
co-immunoprecipitation results performed after transiently co-expressing
FLAG-tagged CLOCK and BMALI proteins with MYC-tagged PROX1 proteinsin
HEK293T cells. ACTIN and IgG were used as loading controls for input samples.
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Extended Data Fig. 4| BMAL1 binding sites at genomic loci of circadian core
clock genes are co-occupied by PROX1and HNFIB. a, GOBP terms enriched
for genes nearest exclusively co-occupied genomic sites of BMAL1 and PROX1
intheliver (left) and BMAL1and HNF1B in kidney (right) from Fig. 4b. One-sided

Fisher’s exact test against an in silico mouse gene list was applied, no adjustment
for multiple comparisons, P < 0.05, enrichment factor >1.b, IGV genome browser
view of BMALI (black), PROX1 (blue) and HNF1B (green) occupancies at the loci of
Cry2, Nrl1d2, Per2, Per3, Rora, Rorc and Efna3 genesin the indicated tissues.
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Extended DataFig. 5| Alphafold3 prediction of the interaction between
CLOCK/BMALI1 complex and homeobox transcription factors; PROX1, HNF1B
and HOXAS. a, AlphaFold3 structural predictions for CLOCK/BMAL1 complexes
with, top to bottom, PROX1 (blue), HNF1B (green) and HOXAS (orange).

b, AlphaFold3 structural predictions for CLOCK/BMALI complexes with, top

to bottom, PROX1, HNF1B and HOXAS colored according to the pLDDT score
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Extended Data Fig. 6| PROX1, HNF1B, HOXA5 homeodomain is essential

for the binding to BMAL1 and CLOCK/BMALLI transcriptional repression.

a, Immunoblot of MYC-tagged PROX1, HNF1B and HOXAS wild-type and
homeodomain deleted mutants (AHD) transiently transfected into HEK293T
cells. On theright, aschematic representation of wild-type and AHD PROX1,
HNF1B, and HOXAS proteins. b, Effect of the wild-type and AHD PROX1, HNF1B,
HOXAS proteins on CLOCK/BMALI1 transactivation. Box plots show the median,
25th and 75th percentiles (box), and minimum to maximum values (whiskers).

Individual data points (n = 4 biologically independent samples) of mean firefly
luciferase activity normalized to Renilla luciferase are displayed with Padj values
from a one-way ANOVA. The CRY1 experimental condition was used as a positive
control for repression. ¢, Immunoblots showing co-immunoprecipitation of
transiently expressed FLAG-tagged BMAL1 and CLOCK with MYC-tagged PROX1,
HNF1B, HOXAS5 wild-type and AHD mutants in HEK293T cells. ACTIN and IgG were
used as loading control for input and IP, respectively, in the same blot.
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Extended Data Fig. 7| PROX1and HNF1B modulate common and tissue -
specificBMAL1 target genesin liver and kidney. a, b, Immunoblots showing
endogenous protein levels of BMAL1, PROX1, HNF1B and HOXAS5 in Control
(Cnt) and CRISPR/Cas9-mediated individual Bmall (Bm), ProxI (Pr), Hnflb (Hn)
and HoxaS5 (Ho) knockout mouse hepatocytes, dihXY (left); Control (Cnt) and
CRISPR/Cas9-mediated individual BMALI (Bm), PROXI (Pr) and HNFIB (Hn)
knockout human HK-2 kidney cells (right). ACTIN and VINCULIN were used as
aloading control in the same blot. ¢, Immunoblots showing BMALI1 protein
levels in control and ProxI KO dihXY cells (left) and control and HnfIb KO HK-2
cells (right), with ACTIN shown as aloading control in the same blot. Bar plots
show quantification of BMALI levels normalized to ACTIN, presented as mean +
s.d. (n=3), with two-tailed Student’s t-test, ns: no significant.d, Cryl, Per2, Dbp
and NrldItranscriptlevelsin Control (Cont) and ProxI KO dihXY cells across
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0 4 8 12162024 283236

24hrs After Dex Treatment
36hrs following dexamethasone synchronization, analyzed by RNA-seq. Values
aremean ts.d. (n=3) oflog, (CPM). e, (Upper) IGV genome browser view of
BMALI (black), PROX1 (blue) and HNF1B (green) occupancy at the NpcI locus,
acommon co-occupied genomic locus by BMAL1and PROX1in liver as well
as BMAL1and HNF1B in kidney. (Lower) NpclI transcript levels across 36hrs in
dexamethasone-synchronized Control (Cont) and ProxI KO dihXY cells assessed
by RNAseq, values are mean +s.d. (n = 3) of log, (CPM); and in Control (Cont) and
HNFIBKO HK-2 cells assessed by RT-PCR, dataas mean +s.d. (n = 3) normalized
to non-oscillating Rplp0 expression levels. f, As in e but for the liver specific
BMAL1and PROX1co-occupied Hhex gene. g, Asin e but for the kidney specific
BMALI1 and HNF1B co-occupied Agp7 gene. g-values from JTK analysis (dihXY)
and Perseus periodicity analysis (HK-2) are indicated for control (black), Prox1 KO
(blue) and Hnf1b KO (green) dihXY cells (d-g).
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Extended DataFig. 8 | Effect reproducibility in second ProxI knockout dihXY RplpO expression levels as non-oscillating control mRNA and corresponding
clones. a, Immunoblots of endogenous PROX1 protein levels in asecond clone Padjvalues from a two-tailed t-test. ¢, Temporal abundance profiles (36 h after
for Control and CRISPR/Cas9-mediated ProxI knockout (KO) dihXY cell line dexamethasone synchronization) for the indicated mRNAs in Control (Cont) and
generated with a different guide RNA (gRNA#2). ACTIN was used as aloading ProxI knockout (KO) dihXY #2 cells analyzed by RT-qPCR. Values are displayed
controlin the same blot. b, Steady-state mRNA levels in Control (Cont) and as mean s.e.m (n =3 biologically independent samples) normalized to non-
ProxI knockout (KO) #2 dihXY cells analyzed by RT-qPCR. Datais represented oscillating RplpO expression levels.

asmean values *s.d (n = 4 biologically independent samples) normalized to
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Extended DataFig. 9 | Prox1 deletion predominantly affects the expression of
rhythmic BMAL1/PROX1-associated genes. a, Venn diagram representing the
overlap between BMAL1and PROX1genomicsitesin mouse liverat ZT7 and all
transcripts from our RNA-seq time series in dihXY cells (upper panel). Pie chart
showing the DryR rhythmicity classification of common genes when comparing
wildtype and ProxI KO RNA-seq time series (middle panel). MA plot displaying

log2 fold changes between wildtype and Prox1 KO dihXY cells as a function of

base mean expression for genes that are arrhythmic in wildtype dihXY cells.
Differential expression analysis was performed with DESeq2; P values were
adjusted using the Benjamini-Hochberg method and genes with log2 fold > 0.05
were defined as upregulated and log2 fold <-0.05 as downregulated (lower panel).
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX OO OO0 0O 00
OO0 X X XK X XK

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Descriptions of the software used to collect data relating to the study are included in the Methods section.

Data analysis Detailed descriptions of the codes and software used to analyze data as part of this study are included in the Methods section. For raw data
processing, analysis and representation, the following softwares and packages were used: MaxQuant v2.1.1.0, DIA-NN 1.8.2 beta 22, DIA-NN
2.2.0, Perseus v1.6.15.0 and v1.6.10.50, , GraphPad Prism 8, Adobe Illustrator 2025, Bowtie2 v2.5, Bedtools v2.31, HOMER v4.11, IGV v2.10.0,
Drop-seq pipeline v1.0, R v4.2.2, DESeq2 v1.38.2, R package DryR, R package MetaCycle, Bio-Rad Imagelab v6.1.0, AlphaFold 3, ChimeraX 1.9

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD062751 and PDX077567. During the revision phase reviewers can access the dataset by logging in to the PRIDE website using the following account details:
Username: reviewer_pxd062751@ebi.ac.uk and Password: JgU6yi1XloGO for PXD062751 and Username: reviewer_pxd077567 @ebi.ac.uk and Password:
ESIPMg1DeeDV for PDX077567. RNA-Seq data is available in the European Nucleotide Archive (ENA) under accession number PRJEB93884, and ChIP-Seq data at the
Gene Expression Omnibus (GEO) under accession number GSE302237 (token access during review process mlkxeassfvkbzcf).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n/a

Reporting on race, ethnicity, or n/a
other socially relevant

groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods had been applied to determine the sample size. We used at least 3 biological replicates for all experiments except the
ChIP-Seq experiment.

Data exclusions  Principal component analysis (PCA) of the lung ChIP-seq datasets identified several outlier replicates, which were excluded from downstream
analyses. The excluded samples were: BMAL1_ZT4_rep3, CLOCK_ZT4_rep4, 1IgG_ZT4_rep3, BMAL1_ZT7_rep4, CLOCK_ZT7_rep2,
1gG_ZT7_rep3, BMAL1_ZT10_repl, CLOCK_ZT10_rep3, and IgG_ZT10_rep4. These exclusions were based on clear separation from the
corresponding biological replicate clusters in PCA space and reflected technical rather than biological variability. For these time points,
downstream analyses were performed using three biological replicates instead of four. No other data were excluded and no additional
exclusion criteria were pre-established.

Replication All experiments were conducted with independent biological replicates appropriate for each assay. The number of biological replicates are
presented in the Figures and Methods.

Randomization  Randomization was not applicable to this study because samples were assigned to experimental groups based on predefined biological
conditions (bait protein, tissues or time points) rather than by random allocation. Sample processing and sequencing were performed in
balanced batches to minimize technical bias.

Blinding Blinding was not performed because the experimental conditions (tissues) were inherently distinguishable during sample preparation and
analysis. However, data processing were carried out using automated or standardized procedures that minimize investigator bias.
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Reporting for specific materials, systems and methods =
D
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, o
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. ©
ol
Materials & experimental systems Methods °©
n/a | Involved in the study n/a | Involved in the study D
iS}
|:| Antibodies |:| |X| ChIP-seq o
o
[] Eukaryotic cell lines [ ] Flow cytometry Lg
|Z| |:| Palaeontology and archaeology |:| |:| MRI-based neuroimaging A
[] Animals and other organisms %
|Z| |:| Clinical data Sy
<
IXI|[ ] Dual use research of concern
X[ ] Plants
Antibodies
Antibodies used BMAL1 (CellSignaling, D2L7G, #14020) - 1:2000
CLOCK (CellSignaling, D45B10 - #5157) - 1:2000
1gG (CellSignaling, #2729) - - 1:5000
PROX1 (ProteinTech, #11067-2-AP) - 1:2000
HNF1B (NovusBio, #NBP1-89680) - 1:2000
HOXAS (Abcam, EPR2825(2), #ab140636) - 1:2000
ACTIN (SantaCruz, #sc-47778) 1:5000
VINCULIN (Sigma-Aldrich, #V9264) - 1:5000
MYC-Tag (CellSignaling, 9B11, #2276) - 1:5000
anti-rabbit IgG, HRP-linked antibody (CellSignaling, #7074) - 1:5000
anti-mouse 1gG, HRP-linked antibody (CellSignaling, #7076) - 1:5000
Validation Validation data are available for all antibodies from the manufacturer. Please refer to the references and validation information

provided in the links supplied by the manufacturer:

BMALL1 (CellSignaling, D2L7G, #14020) - https://www.cellsignal.com/products/primary-antibodies/bmal1-d217g-rabbit-monoclonal-
antibody/14020

CLOCK (CellSignaling, D45B10 - #5157) - https://www.cellsignal.com/products/primary-antibodies/clock-d45b10-rabbit-monoclonal-
antibody/5157

1gG (CellSignaling, #2729) - https://www.cellsignal.com/products/primary-antibodies/normal-rabbit-igg/2729
PROX1 (ProteinTech, #11067-2-AP) - https://www.ptglab.com/products/PROX1-Antibody-11067-2-AP.htm?
srsltid=AfmBOo003UTut3Mt9V9tcDbjelRIBScwWedn6w9SZx0cY8-CsAAIOYMuX

HNF1B (NovusBio, #NBP1-89680) - https://www.novusbio.com/products/tcf-2-hnf-1-beta-antibody_nbp1-89680?
srsltid=AfmBOopGyNQFEi_bjJUj90-gIR4sSAQRRHMILCSMbipb-ZXFrpJhMEZvS

HOXAS (Abcam, EPR2825(2), #ab140636) - https://www.abcam.com/en-us/products/primary-antibodies/hoxa5-antibody-epr28252-
ab140636

ACTIN (SantaCruz, #sc-47778) - https://www.scbt.com/de/p/beta-actin-antibody-c4?
srsltid=AfmBO00ZZoXZ4B_UO044p7uCyRHFX1V3bGXxkAkc4AHGCFNNnWLCZTVQH9w

VINCULIN (Sigma-Aldrich, #V9264) - https://www.sigmaaldrich.com/DE/en/product/sigma/v9264?srsltid=AfmBOorrjrliQy1-
jocj8a_TLUi4YUGONMIixRR1BVUXE_aJ3ialTOrxX

MYC-Tag (CellSignaling, 9B11, #2276) - https://www.cellsignal.com/products/primary-antibodies/myc-tag-9b11-mouse-monoclonal-
antibody/2276

anti-rabbit IgG, HRP-linked antibody (CellSignaling, #7074) - https://www.cellsignal.com/products/secondary-antibodies/anti-rabbit-
igg-hrp-linked-antibody/7074?srsltid=AfmBOorBcOVTKLRIEXb2VMznxF611yAzQNO3_snFqTymRPi1FXPSQEOB

anti-mouse IgG, HRP-linked antibody (CellSignaling, #7076) - https://www.cellsignal.com/products/secondary-antibodies/anti-mouse-
igg-hrp-linked-antibody/7076?srsltid=AfmBOorl40F8ndwM3__ 33YPLTiVspK7-Nkill2KaS-7TMf_VOUsalmV
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) DihXY-WT, a mouse hepatocellular carcinoma cell line, was a gift from Steve A. Kay from Keck School of Medicine, University
of Southern California, LA (paper:. HK-2, WT, Human proximal tubular epithelial cell line and HEK293T-WT, Human embryonic
kidney cells were gift from Dr. Maciej Lech Medizinische Klinik und Poliklinik IV, LMU-Munich
DihXY-Bmal1-KO, DihXY-Prox1-gRNA1-KO, DihXY-Prox1-gRNA2-KO, DihXY-Hnflb-KO, DihXY-Hoxa5-KO, HK-2-Bmal1-KO, HK-2-
Prox1-KO, HK-2-Hnf1b-KO were generated in this study.

Authentication All knockout cells were validated by immunoblotting.
Mycoplasma contamination Cell lines were negative for mycoplasma

Commonly misidentified lines  no commonly misidentified cell line was used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 8-12 weeks old C57BL/6N mice
Wild animals This study did not involve wild animals.
Reporting on sex Both male and female mice were used in a randomized manner.

Field-collected samples  This study did not involve field-collected samples

Ethics oversight All animal maintenance and experimental procedures were carried out in accordance with the European law regarding protection of
animal welfare and with approval by the local government authorities (animal facility registered for breeding and use of animals for
scientific purpose KVR-1/221-TA166/22_03_06)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Authentication Describe-any-authentication procedures for-each seed stock used-or novel genotype generated. Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

ChlIP-seq

Data deposition
|X| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|X| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
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Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChlP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry
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Plots
Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state, event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition
Imaging type(s) Specify: functional, structural, diffusion, perfusion.
Field strength Specify in Tesla
Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.
Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI D Used D Not used




Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain [ | ROI-based [ | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
D |:| Functional and/or effective connectivity

|:| D Graph analysis

|:| D Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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