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fig. S1. 12h rhythm of mRNA processing protein expression is prevalent in mouse liver. (A) 

Heat map of raw and superimposed 12h rhythms of nuclear proteins involved in mRNA 

metabolism as originally reported in (9). (B) Relative abundance of representative proteins at 

different zeitgeber time (ZT) as originally reported in (9). (C) GO analysis of 12h nuclear proteins 

reported in the Nature Communications (NC) (9) and Cell Metabolism (CM) (10) studies that are 

identified by either the eigenvalue/pencil or the RAIN method. (D) RNA-Seq data of Malat1 

expression in XBP1Flox and XBP1LKO mice (Malat1 is intronless) with FDR adjusted p values by 

RAIN analysis shown. Data: Mean ± SEM. (E) Snapshot of XBP1s ChIP-Seq on Malat1 promoter.  



fig. S2. 12h rhythm of nuclear speckle morphology change is separate from the cell cycle. 

(A) Confocal immunofluorescence against SC35 co-stained with DAPI in the liver of XBP1Flox at 

different CT. (B) Violin plot quantification of weighted sphericity of nuclear speckles in XBP1Flox 



and XBP1LKO mice liver at different CT based upon anti-SON immunofluorescence signal. 

n=130~300 nuclei from 3 mice per CT. P values of exhibiting statistically significant 12h rhythms 

by RAIN analysis in XBP1Flox and XBP1LKO mice were also shown. (C) Anti-GFP western blot of 

normal as well three monoclonal lines of GFP::SC35 MEFs. Clone 1 is used in this study. (D) 

Confocal immunofluorescence against SC35 overlapped with GFP signal and co-stained with 

DAPI in GFP::SC35 MEFs. Manders coefficient between different signal are also shown. (E) 

Periodogram demonstrating cell-autonomous dominant 12h rhythmic nuclear speckle morphology 

change in MEFs, calculated from the raw average sphericity data in Fig. 1D. (F) Quantification of 

temporal sphericity from single GFP::SC35 MEFs at different times post serum synchronization. 

After each cell division, the temporal sphericity of daughter cells are continuously plotted after the 

mother cell. Narrow line: raw data, thick line: spline fit. (G) Scatter plot showing the phase 

relationship between the daughter cell and the mother cell if it hadn’t divided.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



fig. S3. 12h rhythm of nuclear speckle morphology dynamics exhibits local coupling. (A-E) 

GFP::SC35 MEFs were subject to time lapse imaging without serum synchronization. 

Quantification of temporal sphericity from single MEFs (A). Representative image taken at hour 

50 showing the physical location (left) and phase heat map (right) of different cells (B). Matrix 

showing the phase distance (C) and the square of physical distance (D) of different pairs of cells. 

Scatter plot of phase distance and the square of physical distance for different pairs of cells. Note 

that a positive correlation only exist for cells that are within 140 μm distance of each other. 

Pearson correlation coefficient r and p value that r is significantly larger than zero are shown for 

cells within 140 μm distance of each other (E). (F-H). An independent experiment showing similar 

data as C to E.  

 



fig. S4.  CRISPR/CAS9-mediated ablation of BMAL1 and XBP1 is successful in MEFs. (A) 

Western blot analysis of BMAL1 in GFP::SC35 MEFs expressing non-targeting or Bmal1 sgRNA. 

(B) Real-time luminescence analysis of Bmal1-dluc MEFs post 100nM Dex treatment. 

Representative detrended traces of luminescence recordings from MEFs expressing non-

targeting, Bmal1 or Xbp1 sgRNA. (C) qPCR analysis of Xbp1 and UPR gene Sec23b in response 

to tunicamycin (Tu) treatment in GFP::SC35 MEFs expressing non-targeting or Xbp1 sgRNA. The 

complete abolishment of Sec23 induction by Tu indicates the functional ablation of XBP1 protein. 

Data: Mean ± SEM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



          

fig. S5. IRE1α inhibition impairs the 12h rhythm of nuclear speckle morphology change. (A) 

The regulatory network of 12h oscillator as previously proposed (7). XBP1s transcriptionally 

activates its own expression (Xbp1us) by binding to its own promoter (solid green arrow), whereas 

XBP1us has been previously shown to inhibit XBP1s transcriptional activity (58) (dashed red line). 

Ire1α mRNA exhibits an XBP1s-dependent 12h rhythm, thereby putting itself both downstream 

and upstream of XBP1s (solid green arrows). More importantly, since elevated IRE1α expression 

can increase Xbp1 splicing in the absence of exogenous ER stress stimuli (59), mathematically, 



it suggests that the 12h oscillator can, in theory, function without input on protein (mis)folding 

states from the ER. What remains unclear is whether XBP1s can directly transcriptionally regulate 

Ire1α mRNA via binding to its promoter or requires intermediate transcription factor(s) (dashed 

green arrow). (B) RNA-seq of hepatic Ire1α in XBP1FLOX and XBP1LKO mice, as reported in (6). 

(C) Quantification of hepatic total and phosphorylated IRE1α protein at different circadian time as 

reported in (3), overlaid with Ire1α RNA-seq data. Delayed phases from Ire1α mRNA to total 

IRE1α protein to phosphorylated IRE1α protein supports the model depicted in A. Data: Mean ± 

SEM. (D) Temporal sphericity of serum-synchronized GFP::SC35 MEFs treated with DMSO 

control or 10µM 4µ8c (average sphericity was calculated from each image that contains at least 

15 cells, 3~4 images were taken per treatment; light area: mean ± SEM; solid line: spline fit), Gray 

areas indicates two hours of serum shock. Dominant periods from each group were calculated by 

the eigenvalue/pencil method.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



fig. S6. XBP1s regulates 12h rhythm of Son expression. (A) A cartoon showing the minimal 

components required for LLPS that include a multivalent ‘scaffold’ and multiple clients with IDR. 

(B) The phase diagram illustrating the conditions under which LLPS occurs via nucleation (red 

region) or spinodal decomposition (blue region). Under constant valency condition (the 

stoichiometry of clients to scaffold in the condensates as illustrated by the y-axis), increasing the 

concentration of scaffold protein will drive LLPS from nucleation to spinodal decomposition. (C) 

Additional western blot of hepatic SON protein at different CT with 4h resolution. (D) Relative 

abundance of hepatic SON at different zeitgeber time (ZT) superimposed with nuclear speckle 

morphology cartoons as reported in (9). (E) Relative abundance of hepatic SON protein 

superimposed with relative level of XBP1s protein quantified by western blot. (F) Periodogram of 

hepatic Son mRNA oscillation in XBP1Flox and XBP1LKO mice. (G, H) Log2 transformed expression 



of temporal Son and Bmal1 in mouse liver (G) and MMH-D3 cells (H) with calculated period and 

phase by the eigenvalue/pencil method. (I) Snapshot (left) and quantification (right) of XBP1s 

ChIP-Seq signal at Son promoter at different CTs in XBP1Flox mice as reported in (6). (J) Snapshot 

of XBP1s ChIP-Seq signal at CT24 at Son promoter as well as identified DNA binding motifs for 

GABPA, XBP1s and NFYA transcription factors. (K) qPCR analysis of Son, Hyou1 and Manf 

expression in MEFs mock-transfected or transfected with Flag-XBP1s-PHAGE plasmid as 

previously described (4). Data: Mean ± SEM. 

 

 

 

 

 

 

 

 



      

fig. S7. SON positively modulates nuclear speckle fluidity. (A, B) qPCR (A) and Western blot 

(B) of Son level in MEFs transfected with scrambled or Son siRNA. (C) Representative image of 

GFP::SC35 MEFs transfected with scrambled or Son siRNA. (D-F) Illustration of using the 

dCAS9-VPR system to transactivate endogenous Son gene expression (D). qPCR (E) and 

western blot (F) of Son level in MEFs stably expressing dCAS9-VPR and control or Son promoter-

targeting sgRNA. (G-I) GFP::SC35 MEFs were stably expressing dCAS9-VPR and control or Son 

promoter-targeting sgRNA. After serum synchronization, weighted average sphericity were 

directly calculated from 10 to 30 cells at any given time with spline fit also shown, and periods 

were calculated by the eigenvalue/pencil method (G). FRAP analysis with representative recovery 

curve (H) (data showing quantification from 3 speckles per cell; mean ± SEM for each point; solid 

line: LOWESS fit) and quantified recovery half-life (I).  



fig. S8. XBP1s regulates 12h nuclear speckle-chromatin interactions. (A) Snapshot of target 

genes selected for alignment of hepatic SC35 binding sites at different CTs in XBP1Flox and 

XBP1LKO mice. (B) Heat map of temporal SC35 as well as input signal for 8,292 genes that are 

below detection threshold for SC35 peak-calling algorithms in XBP1Flox and XBP1LKO mice from 

10kb upstream of transcription start site (TSS) to 10kb downstream of transcription termination 

site (TTS) for each gene, aligned with the heat map of estimated mRNA processing rate (with 

amplitude for 12h rhythm) at different CT in XBP1Flox and XBP1LKO mice. (C, D) Quantification of 



average integrated SC35 signal over gene bodies of 5,365 genes (C) and 8,292 genes (D) in 

XBP1Flox and XBP1LKO mice at different CTs. The quantification in XBP1LKO mice is performed on 

data after polynomial detrend. (E) Cumulative distribution of the percentage of 12h (top) or 24h 

SC35 integrated signal (bottom) under different FDR cut-offs in both XBP1Flox and XBP1LKO mice 

from the RAIN analysis. Only those 5,365 genes with strong SC35 binding are included in the 

analysis. (F) Period distributions of all dominant oscillations (oscillation with the largest amplitude 

for each gene) of nuclear speckle-chromatin interactions uncovered by the eigenvalue/pencil 

method for 5,365 genes with strong SC35 binding and 8,292 genes without strong SC35 binding 

in both XBP1Flox and XBP1LKO mice. (G) Quantification of integrated SC35 signal over gene bodies 

for selected genes with ~12h nuclear speckle-chromatin interaction dynamics converted to ~10h 

ones with hepatic ablation of XBP1. The periods (calculated by the eigenvalue/pencil method) of 

nuclear speckle-chromatin interaction dynamics were shown for each gene in XBP1Flox and 

XBP1LKO mice.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



fig. S9. XBP1s regulates 12h mRNA processing rate. (A) Scatter plot showing the relationship 

between log2 transformed values of pre (intron-mapping) and mature (exon-mapping) mRNA level 

and integrated SC35 ChIP-seq signal over gene bodies for 5,365 genes in XBP1Flox (top) and 



XBP1LKO (bottom) mice. Pearson correlation coefficients r are further shown. (B) A table 

summarizing the number of genes with or without strong 12h SC35 signal and 12h mRNA 

processing rates under different FDR cut-off (from RAIN analysis) in XBP1Flox mice. P value from 

chi-squared test indicating genes with 12h SC35 binding are also strongly associated with 12h 

mRNA processing rates. (C) Estimated mRNA processing rate for all (top) and 5,365 genes with 

strong SC35 signal (bottom) in both XBP1Flox and XBP1LKO mice. (D) Period distributions of all 

dominant oscillations (oscillation with the largest amplitude for each gene) of estimated mRNA 

processing rates uncovered by the eigenvalue/pencil method for 5,365 genes with strong SC35 

binding and 8,292 genes without strong SC35 binding in both XBP1Flox and XBP1LKO mice. (E) 

Polar histogram demonstrating the phase distributions of 12h rhythmic mRNA processing rates 

for all genes in XBP1LKO mice. (F-H) Temporal expression of Id1 at the pre-mRNA, mature mRNA 

level in XBP1Flox (F) and XBP1LKO (G) mice, and integrated SC35 gene body signal and mRNA 

processing rate in XBP1Flox mice (H). Data: Mean ± SEM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



fig. S10. 12h nuclear speckle-chromatin interactions are dispensable for 24h core circadian 

clock gene expression. (A) Snapshot of core circadian clock genes selected for alignment of 

hepatic XBP1s, SC35 binding and RNA-Seq tracks at different CTs in XBP1Flox and XBP1LKO mice. 

(B) Heat maps of relative integrated SC35 binding signal over gene bodies, pre-mRNA and 

mature mRNA expression, and estimated mRNA processing rate (with p value for having a 24h 



rhythm by RAIN) at different CT in XBP1Flox and XBP1LKO mice for core circadian clock genes. (C) 

Quantification of integrated SC35 signal over gene bodies for Per1 and Nfil3 (left), top two 

decomposed oscillations (middle) and the table showing the detailed parameters of different 

oscillations (right) by the eigenvalue analysis. Note the 24h components of rhythmic nuclear 

speckle-chromatin interaction are comparable between XBP1Flox and XBP1LKO mice, but the 12h 

component is abolished in XBP1LKO mice. (D) Quantification of the relative amplitude of 24h SC35 

ChIP-seq signal, and pre and mature mRNA oscillation for core circadian clock genes in XBP1Flox 

and XBP1LKO mice.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



fig. S11. 12h nuclear speckle-chromatin interactions regulate UPR gene expression. (A) 

Heat maps of relative integrated SC35 binding signal over gene bodies, pre-mRNA and mature 

mRNA expression, and estimated mRNA processing rate (with p values for having a 12h rhythm 

by RAIN) at different CTs in XBP1Flox and XBP1LKO mice for 528 genes that exhibit very robust 

12h rhythms of nuclear speckle-chromatin interaction as well as 12h rhythms of gene expression 

in XBP1Flox mice. (B) Quantification of average integrated SC35 signal over gene bodies of 528 

genes in XBP1Flox and XBP1LKO mice at different CTs. The quantification in XBP1LKO mice is 

performed on data after polynomial detrend. (C) Period distributions of all dominant oscillations 

(oscillation with the largest amplitude for each gene) of estimated mRNA processing rates and 



integrated SC35 signal over gene bodies uncovered by the eigenvalue/pencil method in XBP1Flox 

and XBP1LKO mice for 528 genes. (D) Quantification of relative amplitude of 12h SC35 ChIP-seq 

signal, and pre and mature mRNA oscillation for 528 genes in XBP1Flox and XBP1LKO mice. If no 

12h rhythm was found, then the amplitude is deemed zero. (E) Quantification of the phases of 

12h rhythmic SC35 signal, pre-mRNA and mature mRNA gene expression in 260 genes enriched 

in lipid metabolism and PPAR signaling in XBP1Flox mice. Data: Mean ± SEM. (F) Relative 

temporal integrated SC35 binding signal over gene bodies, and pre and mature mRNA level for 

representative lipid metabolism genes in XBP1Flox mice. (G) Snapshot of Xbp1 locus for alignment 

of hepatic XBP1s, SC35 binding and RNA-Seq tracks at different CTs in XBP1Flox and XBP1LKO 

mice. (H) Relative temporal integrated SC35 binding signal over gene bodies, and pre and mature 

mRNA level for two UPR genes in XBP1Flox mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

fig. S12. Co-localization of nuclear speckle and XBP1s is observed during UPR. 

Immunofluorescence of anti-XBP1s (red), GFP signal (green) from GFP::SC35 MEFs and DAPI 

nuclei staining (blue) as well as merged images of either two or all three channels in GFP::SC35 

MEFs treated with increasing concentration of tunicamycin. Representative images from DMSO 

vehicle control group (A) and tunicamycin (1μg/ml) group (two representative images) (B, C), and 

Manders’ coefficient quantification (D) of co-localization of SC35/XBP1s and SC35/DAPI signals. 

Box and whiskers plot showing minimum to maximum values. 

 

 

 

 

 

 

 

 

 

 

 

 

 



          
fig. S13. SON transcriptionally amplifies UPR. (A-C) MEFs with Son siRNA-mediated knocking 

down (A, B) or dCAS9-VPR-mediated stable overexpression of Son (C) were treated with 

100ng/ml of tunicamcyin for 6 hours and qPCR analysis of different genes were performed. (D-F) 

dCAS9-VPR stably expressing MEFs were transiently transfected with non-targeting or two 

different Son promoter-targeting sgRNAs and treated with 100ng/ml of tunicamcyin for 6 hours. 

qPCR analysis of different genes was performed (D, E) and western blot of SON in DMSO group 

(F). (G-J) Temporal expression of Atf4 (G, H) and Atf6 (I, J) pre-mRNA level in XBP1Flox and 

XBP1LKO mice as reported in (6), XBP1s ChIP-seq signal in XBP1Flox mice as reported in (6) and 

integrated SC35 gene body signal in XBP1Flox and XBP1 LKO mice. Data: Mean ± SEM. 

 



             

fig. S14. SON transcriptionally amplifies UPR in response to DTT. MEFs with Son siRNA-

mediated knocking down (A) or dCAS9-VPR-mediated stable overexpression of Son (B) were 

treated with 1mM DTT for 4~5 hours and qPCR analysis of different genes were performed. Data: 

Mean ± SEM. Compared with tunicamycin-induced UPR, SON amplifies DTT-induced UPR with 

less potency, which is likely due to the fact that DTT can strongly activate the ATF6 branch of the 

UPR rapidly (60) and as previously demonstrated, SON has little effects on ATF6 expression.  



 

fig. S15. SON does not regulate global protein synthesis rate. Quantification of average 

protein synthesis rate per cell measured by the incorporation of Alexa594 labelled L-

homopropargylglycine in MEFs that were transiently transfected with control or Son siRNAs (A) 

or stably expressing dCAS9-VPR and control or Son promoter-targeting sgRNAs (B) after 6h of 

DMSO or 100ng/ml Tu treatment. Data: Mean ± SEM. 

 

 



 
fig. S16. Son knocking-down impairs 12h ultradian, but not 24h circadian rhythm in MEFs. 

(A-C) Manf-dluc MEFs were transfected with control or Son siRNA. Detrend real-time 

luminescence (A), quantified period (B) and mean-normalized amplitude (C). (D-F) Bmal1-dluc 

MEFs were transfected with control or Son siRNA. Detrend real-time luminescence (D), quantified 

period (E) and mean-normalized amplitude (F). Data: Mean ± SEM. 

 

 

 

 



                    
fig. S17. Correlative SON and UPR gene expression dynamics are observed across mouse 

life span. (A-D) Expression of Son and UPR genes in a 24~48h window (left) or across the entire 

mouse life span (right) in different tissues. For the mouse life span data, expression of 260 lipid 

genes and 13 core circadian clock genes are further shown. To the best of our knowledge, the 

Son or UPR diurnal gene expression status have not been reported in mouse bone. Solid line: 

mean; shaded area: 95% confidence interval. 



table S1. 12h cycling nuclear proteins in mouse liver.  

Tab1 All oscillating nuclear proteins idenitifed by the eigenvalue/pencil method (decay rate 

between 0.8 and 1.2) from Wang et al. (9) 

Tab 2 All ~12h (period between 10.5h and 13.5h) oscillating nuclear proteins identified by the 

eigenvalue/pencil method from Wang et al. (9) 

Tab 3 RAIN analysis on ~12h oscillating nuclear proteins from Wang et al. (9) 

Tab 4 List and expression of 12h proteins involved in mRNA metabolism, as shown in Figure S1A.  

from Wang et al (9) 

Tab 5 All oscillating nuclear proteins idenitifed by the eigenvalue/pencil method (decay rate 

between 0.8 and 1.2) from Wang et al. (10) 

Tab 6 All ~12h (period between 10.5h and 13.5h) oscillating nuclear proteins identified by the 

eigenvalue/pencil method from Wang et al. (10) 

Tab 7 RAIN analysis on ~12h oscillating nuclear proteins from Wang et al.(10) 

Tab 8 List and expression of 12h proteins involved in mRNA metabolism, as shown in Figure S1A.  

from Wang et al. (10) 

 

table S2. SC35 ChIP-Seq quantification for 5,365 genes. 

Integrated SC35 ChIP-Seq signal over gene bodies (from TSS to TTS) were quantified at different 

CT for XBP1Flox and XBP1LKO mice for the 5,365 genes. For XBP1LKO mice, quantifications before 

and after polynomial detrend are shown.  

table S3. RAIN analysis for 12h and 24h rhythms of SC35 ChIP-seq signal for 5,365 genes.  

Tab 1 12h rhythm identified by RAIN in XBP1Flox mice  

Tab 2 12h rhythm identified by RAIN in XBP1LKO mice  

Tab 3 24h rhythm identified by RAIN in XBP1Flox mice  

Tab 4 24h rhythm identified by RAIN in XBP1LKO mice  

table S4. Eigenvalue/pencil analysis of SC35 ChIP-seq signal for all hepatically-expressed 

genes. 

Tab 1 5,365 genes above peak-calling detection threshold in XBP1Flox mice  

Tab 2 5,365 genes above peak-calling detection threshold in XBP1LKO mice  

Tab 3 8,292 genes below peak-calling detection threshold in XBP1Flox mice 

Tab 4 8,292 genes below peak-calling detection threshold in XBP1LKO mice 

table S5.  FPKM values of RNA-Seq data for exon-mapping reads in XBP1Flox and XBP1LKO 

mice. 

table S6. FPKM values of RNA-Seq data for intron-mapping reads in XBP1Flox and XBP1LKO 

mice. 

 

movie S1. Time lapse imaging of nuclear speckle morphology change in single GFP::SC35 

MEF. The video is 5 frames per second.  

movie S2. FRAP video of GFP::SC35 MEF transfected with scrambled siRNA. The video is 

5 frames per second. 

movie S3. FRAP video of GFP::SC35 MEF transfected with Son siRNA. The video is 5 frames 

per second. 
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