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Circadian regulation of protein cargo in  
extracellular vesicles
Ching-Yan Chloé Yeung1,2*, Frank Dondelinger3, Erwin M. Schoof4, Birgitte Georg5, Yinhui Lu6, 
Zhiyong Zheng7, Jingdong Zhang7, Jens Hannibal5,8, Jan Fahrenkrug5, Michael Kjaer1,2

The circadian clock controls many aspects of physiology, but it remains undescribed whether extracellular vesi-
cles (EVs), including exosomes, involved in cell-cell communications between tissues are regulated in a circa-
dian pattern. We demonstrate a 24-hour rhythmic abundance of individual proteins in small EVs using liquid 
chromatography–mass spectrometry in circadian-synchronized tendon fibroblasts. Furthermore, the release of 
small EVs enriched in RNA binding proteins was temporally separated from those enriched in cytoskeletal and 
matrix proteins, which peaked during the end of the light phase. Last, we targeted the protein sorting mechanism 
in the exosome biogenesis pathway and established (by knockdown of circadian-regulated flotillin-1) that matrix 
metalloproteinase 14 abundance in tendon fibroblast small EVs is under flotillin-1 regulation. In conclusion, we 
have identified proteomic time signatures for small EVs released by tendon fibroblasts, which supports the view 
that the circadian clock regulates protein cargo in EVs involved in cell-cell cross-talk.

INTRODUCTION
In mammals, the circadian clock is responsible for producing daily 
rhythms in crucial homeostatic processes in anticipation of envi-
ronmental changes during 24 hours, including regulating body 
temperature, sleep activity, feeding, and metabolism. Almost all 
peripheral tissues have a self-sustaining molecular oscillator that 
generates a 24-hour periodicity of tissue-specific clock-controlled 
outputs (1). Misalignment of peripheral circadian rhythms caused by 
jet lag, shift work, sleep disruptions, and aging is linked to increased 
morbidity and mortality (2). Synchronization of peripheral tissue 
circadian rhythms is mediated through a combination of non–light 
entrainment factors or “zeitgebers,” e.g., feeding time or scheduled 
exercise, and stabilized by endogenous signals from the central clock 
(1, 2). However, mechanisms of cell-cell and intertissue peripheral 
circadian clock entrainment have not yet been investigated. Under-
standing these mechanisms will explain how the circadian rhythms 
of different tissues in the body are coordinated.

The primary molecular oscillator responsible for generating a 
24-hour rhythm is a transcription-translation feedback loop con-
sisting of the following transcription factors: brain and muscle aryl 
hydrocarbon receptor nuclear translocator-like 1 (BMAL1) and circadi-
an locomotor output cycles kaput (CLOCK) that drives the expression 
of clock-controlled genes, including period (PER) and cryptochrome 
(CRY). When cells are released from tissues and placed in tissue 
culture, the individual oscillators become asynchronous but can be 
easily resynchronized, for example, by administering glucocorticoids 
(3). Synchronizing cell cultures has enabled discoveries of how the 

circadian clock temporally coordinates various aspects of cell biology, 
for examples, actin dynamics (4), endocytosis (5), the secretory 
pathway (6), and, more recently, the secretion of collagen by mouse 
tendon fibroblasts (7), protein folding and endoplasmic reticulum 
stress (8, 9), and autophagy (10, 11). Whether the circadian clock also 
regulates exosome biogenesis, which produces 50- to 150-nm vesicles 
that mediate cell-cell communication within and between tissues, 
has not yet been studied.

Exosomes are synthesized, and their protein cargo is loaded in 
the endosomal pathway; their mode of communication includes the 
transfer of functional cargo, including proteins and RNA materials, 
into recipient cells (12, 13). The circadian clock controls nearly 50% 
of protein-coding genes in mammalian tissues (14), and thus, we 
hypothesized that the proteome of extracellular vesicles (EVs) re-
leased by cells during 24 hours is time dependent.

One family of proteins that sorts proteins in the endosomal path-
way is the flotillins (flotillin-1 and flotillin-2, encoded by Flot1 and 
Flot2, respectively), which are lipid raft–associated proteins that localize 
to endosomes, lysosomes, and exosomes (15). Flotillins interact with 
a dileucine motif on the cargo protein to regulate their levels in spe-
cific membrane compartments (16). The expression of Flot1 is cir-
cadian in a number of mouse tissues, including kidney, liver, lung, 
and tendon (14, 17), suggesting a mechanism by which the circadi-
an clock temporally regulates the protein content of EVs, including 
exosomes, and other endosomal compartments.

Tendon fibroblasts maintain their high synthetic activity and 
endogenous circadian rhythm in culture (7, 17), which make them 
relevant to use for studying circadian clock–regulated cellular pro-
cesses in vitro. An important membrane-localized protein necessary 
for tendons is matrix metalloproteinase 14 (MMP14 or MT1-MMP). 
MMP14 plays a critical role in the assembly of collagen-rich extra-
cellular matrix (ECM) during development both in tendon and in 
many other tissues (18, 19). This transmembrane protein contains a 
dileucine motif LLY573 in its cytoplasmic domain (20, 21) and re-
tains catalytic activity when localized to exosomes (22–24). On the 
basis of these data, we further hypothesized that MMP14 is also 
localized to tendon fibroblast EVs and that its levels in EVs can be 
regulated by flotillin-1.
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Here, we studied the role of the circadian clock in regulating protein 
cargo in small EVs. We used a proteomics approach to characterize 
the proteome profiles of a small EV time series isolated from syn-
chronized tendon fibroblasts and explored the functional enrich-
ment of these rhythmic EV proteins. Furthermore, we modulated 
endosomal protein sorting by targeting flotillin-1 and examined the 
effects on MMP14 localization.

RESULTS
Primary fibroblast cultures produce small EVs and maintain 
circadian rhythms
Small EVs isolated from primary cultures of tendon fibroblasts derived 
from PER2::LUC circadian reporter mice were analyzed by Western 
blotting and transmission electron microscopy (TEM). Western 
blot analysis comparing the purified small EV extract with total cell 
lysate confirmed that the EV fraction was positive for flotillin-1 and 
CD9 (a tetraspanin enriched in exosomes) as well as for other trans-
membrane proteins including integrins (2, 5, and 1) and MMP14, but 
enrichment for markers of several other membrane compartments, 
including intralumenal vesicles (caveolin-1), endoplasmic reticulum 
[heat shock protein 47 (HSP47)], and nucleus (RNA polymerase II 

and histone 3), was not detectable (Fig. 1A). TEM analysis of the EV 
fraction revealed vesicles with electron-dense membranes between 
30 and 50 nm in size with a median diameter of 37.7 ± 13.8 nm (SD) 
(Fig. 1, B and C). TEM also confirmed that fibroblasts in culture 
contained the essential organelles required for exosome biogenesis, 
including endocytic vesicles at the plasma membrane, internal ves-
icles, multivesicular body, and lysosomes (Fig. 1D).

After synchronization using dexamethasone, the fibroblasts 
produced a rhythmic PER2:Luciferase signal with a period of 
25.1 ± 0.1 hours (SD) that was evident for up to ~6 days (Fig. 1E). 
Analysis of whole-cell lysate from synchronized cells by Western blotting 
showed rhythmic MMP14 protein levels during 24 hours (Fig. 1F). 
Furthermore, gelatin zymography of time series cell lysates also showed 
rhythmic gelatinase activity by MMP2 (Fig. 1G), establishing that 
synchronized fibroblasts produced circadian rhythms in protein 
levels and activity.

Proteomic analysis of time series EVs from  
synchronized fibroblasts
A time series EV isolation protocol was designed, and to control for 
any effects from serum withdrawal, a control time series was isolated 
from unsynchronized cells (Fig. 2, A to C). Samples from the first 

Fig. 1. Primary tendon cells in culture produce small EVs and maintain circadian rhythms. (A) Western blot analysis of whole-cell lysate and EVs purified from con-
ditioned medium. Small EV extracts (EV) were positive for exosome markers, flotillin-1, CD9, and plasma membrane markers, including MMP14, and were negative for 
markers of other membrane compartments. (B) TEM images of purified small EVs showed membrane-bound vesicles. Scale bars, 50 nm. (C) Measurements from TEM 
images showed that the median diameter of small EVs released in media was 37.7 ± 13.8 nm (SD) (338 EVs measured from two independent conditioned medium purifi-
cations). (D) Representative TEM images showing features of the endosomal pathway [endocytic vesicles (Ves), multivesicular bodies (MVB), and lysosomes (Lyso)] and 
matrix assembly features [endoplasmic reticulum (ER) and collagen]. Scale bars, 500 nm. (E) Representative real-time bioluminescence recording of PER2::Luciferase ac-
tivity in synchronized cells showed a circadian rhythm maintained for ~6 days with a mean period of 25.1 ± 0.1 hours (SD) (n = 6). (F) Quantification of MMP14 protein 
during 24 hours normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) loading control (n = 3 technical replicates except n = 2 for 24 hours; bars show 
SEMs; **P < 0.0086, Kruskal-Wallis test). (G) Quantification of gelatinase activity of MMP2 (62-kDa band) relative to 0 hour (n = 3 from three independent assays; bars show 
SEMs; *P = 0.0479 Kruskal-Wallis test). See data file S1 for original scans of Western blots and gels and uncropped TEM images. AU, arbitrary units.
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Fig. 2. Time series fibroblast small EV isolation for proteomics analysis. (A) Schematic diagrams the experimental setup for time series isolation of EVs from the first 
and (B) second 24 hours after synchronization with dexamethasone (Dex) and (C) from control (no synchronization) cells. Arrows above the bars indicate fresh medium 
changes. Arrows below the bars indicate media collected for sample isolations. (D) Representative NTA plot showing hydrodynamic diameters of small EVs released 
overnight into conditioned medium. The histograms are for each of the five technical replicates, each outlined in a different color, with a median diameter of 174.3 ± 77 nm 
(SD; n = 5 technical replicates from one experiment). (E) Box-and-whisker plot showing that the median hydrodynamic diameter of small EVs for 24 hours was unchanged 
(~170 nm). Data from one experiment are shown. (F) Box plot showing the distribution of protein abundances detected by LC-MS in triplicate samples of small EVs isolated 
during 48 hours after synchronization. (G) Principal components analysis (PCA) showing the first two principal components of variances between the 48-hour time series 
samples. (H) Top 10 significantly enriched terms, ranked by their enrichment scores that are overrepresented in the 1015 proteins detected in the small EV samples 
by LC-MS. Values in bars indicate the number of proteins in the functional term. (I) Venn diagram showing the comparison of all proteins detected in the EV samples by 
LC-MS with proteins from the Vesiclepedia database.
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24 hours were collected independent from the samples of the sec-
ond 24  hours. Nanoparticle tracking analysis (NTA) established 
that there were no apparent time-dependent changes in distribu-
tion of EV size during 24 hours (Fig. 2, D and E). Note that the hy-
drodynamic size measured by NTA [173.3 ± 77 nm (SD)] is larger 
than TEM measurements because of hydration of the EV samples 
and size calculation method of NTA (25). The time series EVs were 
lysed and digested with trypsin, and the resulting peptides were pu-
rified for liquid chromatography–mass spectrometry (LC-MS). There 
was variation in the protein abundances between triplicates of the 
first 24-hour time series and between the first 24-hour and second 
24-hour set of samples (Fig. 2F and fig. S1). Principal components 
analysis also identified that the largest source of variance was between 
the first and the second 24-hour time series (Fig. 2G). The LC-MS 
detected 1015 proteins that were supported by at least two unique 
peptides and in at least two samples per time point. Functional en-
richment analysis revealed that the small EV proteome was overrep-
resented by ribosomal, vesicle, and cytoskeletal proteins, and over 
90% of proteins detected mapped to proteins detected in mouse 
vesicles (Fig. 2, H and I). The data also showed that proteins commonly 
enriched in EV samples were present, including proteins that asso-
ciate with EVs via lipid- or membrane protein–binding ability or 
promiscuous incorporation (fig. S2, A to D). Also present were pro-
teins belonging to ribosomal subunits and secreted proteins, which 
are commonly recovered with EV preparations (fig. S2, E and F).

Identification of circadian EV proteins
MetaCycle (26) was applied to the LC-MS readouts of the complete 
48-hour times series but was unable to detect any circadian rhythms. 
To control for variation between the first and second 24-hour time 
series, we then applied MetaCycle to the first 24-hour, second 
24-hour, and control time series separately. Circadian rhythmic proteins 
were only identified in the second 24-hour time series (q  <  0.2; 
Fig. 3A and data files S3 and S4). The peak phase distribution of 
MetaCycle-identified rhythmic proteins peaked at 22  hours after 
synchronization (Fig. 3B). To detect more complex circadian pat-
terns and improve robustness to measurement noise, we applied a 
nonparametric Gaussian process approach that can detect repeating 
nonstationary oscillations with a periodicity of 22 to 26 hours (27). 
The Gaussian process model identified 106 proteins as statistically 
circadian-rhythmic in the 48-hour time series, of which 18 were 
identified in the control dataset, the latter of which were considered to 
be pseudocircadian and removed from further analyses (S median > 0.3, 
SE < 0.2; Fig. 3C, fig. S3, and data files S5 and S6). The phase distri-
bution of peak abundance showed that the majority of proteins peaked 
at 23 hours after synchronization (Fig. 3D). Thirty proteins were 
commonly identified by the Gaussian process and MetaCycle anal-
ysis (Fig. 3E and fig. S4). Proteins that were cyclic in both analyses 
were reliably cyclic during 48 hours with a ~24-hour rhythmicity 
(fig. S5A). Proteins only cyclic in the Gaussian process analysis ei-
ther exhibited a sinusoidal abundance rhythm but the triplicate data 
were noisy or showed a repeating nonstationary oscillation (fig. S5, 
A and B). Proteins only cyclic in MetaCycle analysis of the second 
24-hour time series showed high variance when applied to the full 
48-hour time series (fig. S5C).

Functional enrichment analysis of circadian EV proteins
Functional enrichment analysis of circadian proteins identified by 
both analyses revealed that RNA binding proteins and cytoskeletal 

(actin-binding and intermediate filaments) were overrepresented, 
and the peak abundances of these two groups of proteins were tem-
porally separated at 8 hours and 22 to 23 hours after synchronization, 
respectively (Fig. 3, F to H). Circadian-rhythmic ECM proteins, in-
cluding decorin, matrix Gla protein, periostin, and thrombospondin 
2, peaked in abundance at 22 hours after synchronization (Fig. 3 I), 
whereas proteins involved in vesicle formation had peak abun-
dance in small EVs between 12 and 24 hours after synchronization 
(Fig. 3J).

Proteomic time signatures for tendon fibroblast small EVs
Correlation analysis of Gaussian process– and MetaCycle-determined 
peak phases of the 30 common proteins showed a high degree of 
correlation, except for four proteins, alkaline phosphatase, filamin 
B, S100 calcium-binding protein A4, and tubulin-specific chaperone 
A, which have peak phases between 16 and 24 hours after synchro-
nization (Fig. 4A). We cross-referenced the Gaussian process– and 
MetaCycle-identified circadian proteins with the existing dataset of 
rhythmic salt-soluble proteins from mouse tendon tissue (7) and 
found that 41 proteins showed commonality between at least two of 
these lists (Fig. 3E). As expected, most of these (30 proteins) were 
common between the Gaussian process– and MetaCycle-determined 
lists. The little overlap with the list of rhythmic salt-soluble proteins 
from mouse tendon tissues confirmed that most of the circadian- 
rhythmic EV proteins were vesicle derived and would not have been 
isolated by incubating tendon tissue in salt solution. Of these 41 
proteins, those that showed less than 6-hour difference in time of peak 
abundance were used to create a circadian proteomic signature for 
tendon fibroblast small EVs (37 proteins) (Fig. 4B). Small EV sam-
ples at 22 hours after synchronization are enriched for proteins in-
volved in cytoskeletal organization (plakoglobin and keratins), and 
small EV samples at 6 hours after synchronization are enriched for 
ribosomal proteins (Fig. 4C).

EV MMP14 level is regulated via endosomal sorting
In tendon fibroblasts, MMP14 plays a critical role in ECM synthesis 
and has potential to act via its localization in EVs (22–24). We hy-
pothesized that MMP14 is localized to fibroblast EVs and that this 
localization is regulated by the endosomal sorting protein flotillin-1. 
We performed immuno-EM analysis on the fibroblast-derived EVs 
using an antibody specific to the catalytic domain of MMP14 and 
established that the protein was localized specifically to EVs, which 
were observed as areas of electron dense membrane material (Fig. 5A). 
We did not observe any antibody binding to areas of the grid where 
there was an absence of membrane material (see data file S1 for un-
cropped TEM images). Immunoprecipitation analyses of cell lysates 
showed coimmunoprecipitation of endogenous MMP14 with en-
dogenous flotillin-1 and vice versa, suggesting the proteins have 
endogenous interactions (fig. S6, A to D). In synchronized fibroblast, 
there was time-dependent expression of flotillin-1 with ~37% dif-
ference in protein levels between time points of peak and nadir ex-
pression (fig. S6E). To mimic this nadir expression level, we used an 
RNA interference approach to target Flot1 and were able to repro-
ducibly achieve a ~40% knockdown in flotillin-1 protein in cell lysates 
and small EVs compared with controls (Fig. 5, B to E). Flotillins reg-
ulate each other (28), and Western blot analysis confirmed a ~25% 
reduction of flotillin-2 in siFlot1 cells and ~40% reduction in small 
EVs (Fig. 5, B and D, and fig. S6E). Knockdown of flotillin-1 did 
not affect the levels of CD9, a marker for exosome biogenesis 
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(Fig. 5, B and D, and fig. S6F) (29, 30). Western blotting and immu-
nofluorescence analyses showed a small but consistent increase in 
MMP14 in siFlot1 cell lysates, at the plasma membrane, and more 
apparent in small EVs (Fig. 5, B to F). To investigate whether this 
increase in cellular and EV MMP14 protein was due to modulated 
sorting in endosomes, we performed confocal microscopy and ob-
served an increased colocalization of MMP14 staining with the early 
endosome marker, early endosome antigen 1 (Fig. 5, G and H). We 

hypothesized that in flotillin-1–depleted cells, MMP14 was not 
being directed toward lysosomes for degradation. To test whether 
MMP14 is a substrate for lysosomal degradation in tendon fibroblasts, 
we treated cells with a V-type adenosine triphosphatase–specific 
inhibitor, bafilomycin A1, to block lysosome function and observed 
a small but significant increase in MMP14 protein (fig. S6G). We 
searched the rhythmic EV proteins (88 identified by Gaussian 
process and 176 identified by MetaCycle) and found that ~20% 

Fig. 3. Identification and phase characteristics of circadian small EV proteins. (A) Heatmap showing the mean expression of the 176 circadian rhythmic proteins 
identified by MetaCycle analysis (q < 0.2) in the second 24-hour dataset. (B) Phase distribution of peak abundances of the MetaCycle-identified rhythmic proteins. 
(C) Heatmap showing the mean expression of the 88 circadian rhythmic proteins identified by the Gaussian process (S median > 0.3, SE <0.2) in the 48-hour time series. 
(D) Phase distribution of peak abundances of the Gaussian process–identified rhythmic proteins. (E) Venn diagram showing the comparison of circadian small EV proteins 
identified by the Gaussian process and MetaCycle analysis with circadian proteins identified in the soluble fraction of mouse tendon tissue. (F) Top 10 significant enriched 
terms in circadian proteins identified by both Gaussian process and MetaCycle analyses, ranked by their enrichment scores. Values in bars indicate the number of proteins 
in the functional term. (G to J) Comparison of the phase distribution of peak abundances of Gaussian process–identified (GP) and MetaCycle-identified (MC) proteins 
belonging to ribosomal/ribonucleoprotein/RNA binding (G), cytoskeletal (H), and ECM (I) and related to vesicles/endocytosis (J) functional terms. Values in brackets indi-
cate the number of proteins.
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contained a putative dileucine motif that could potentially be regu-
lated similarly to MMP14 by flotillin-1 (data file S7).

DISCUSSION
Using label-free quantitative LC-MS–based proteomics in combi-
nation with circadian periodicity analysis, we have identified pro-
teomic time signatures for small EVs, including exosomes, released 
by synchronized primary mouse tendon fibroblasts. Functional en-
richment analysis of EV proteins with circadian-rhythmic abundance 
revealed that the release of small EVs enriched in RNA binding pro-
teins were temporally separated to the release of small EVs enriched 
in ECM and cytoskeletal proteins. Last, we established that MMP14 
is localized to tendon fibroblast small EVs, and its abundance in this 
localization is under the regulation of flotillin-1, the gene of which 
is strictly circadian controlled (14, 17).

In this study, we have applied two independent methods to detect 
24-hour periodicity in the abundance of individual EV proteins. 
MetaCycle uses parametric models to detect rhythmic behavior 
with sinusoidal patterns, but not all rhythmic behaviors are easily 
captured by this parametric model, especially if the time series is 
noisy (e.g., data from first 24-hour time series). In addition, natural 
circadian rhythms may fluctuate in amplitude (31), and estimation 
of rhythmicity is difficult in noisy time series data of short duration. 
Consequently, we additionally applied a nonparametric Gaussian 

process model that is optimized for detecting complex rhythms (27). 
Both approaches established that the abundance of the majority of 
circadian proteins in small EVs peaked at 22 to 23 hours after syn-
chronization and that proteins belonging to different functional 
groups peaked at distinct times in the circadian cycle.

RNA binding proteins exhibited peak abundance between 6 and 
10 hours after synchronization. RNA binding proteins were also ob-
served previously in EVs released by human tendon fibroblasts (32). 
We reasoned that these proteins are present in EVs to form complexes 
with and to stabilize RNA cargo (33, 34), and their peak abundance 
coincides with the phase of maximum expression of over 150 circa-
dian clock–controlled genes in mouse tendons (17). The abundance 
of proteins in small EVs regulating the cytoskeleton peaked at 22 to 
23 hours after synchronization. Exosomes with a comparable bio-
chemistry have previously been demonstrated to initiate cytoskeletal 
rearrangement in recipient cells (35). Actin reorganization in cellular 
protrusions called fibripositors is critical for collagen fibril assem-
bly (36). ECM proteins decorin, lumican (37), and thrombospon-
dins (38, 39) regulate collagen fibril assembly, and they were found 
to be enriched in small EVs at 22  hours after synchronization. 
Docking of EVs may help concentrate cargo proteins in cells (40). 
Together, these data lead us to hypothesize that tendon small EVs 
act in an autocrine manner by synchronizing cells with one 
another, for example, priming cells for fibril assembly when there 
is a simultaneous peak in procollagen type I molecules secreted into 

Fig. 4. Circadian periodicity analysis provides a proteomic time signature for fibroblast small EVs. (A) Correlation between the MetaCycle-derived peak phase and 
the mean peak phase derived from the Gaussian process for the 30 common proteins (R2 = 0.8954). Proteins are expressed using gene names. (B) Pattern of peak abun-
dance of circadian small EV proteins validated by at least two analyses with less than 6-hour peak phase time. (C) Schematic of how the protein composition of small EVs 
from healthy fibroblast changes for 24 hours.
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Fig. 5. EV MMP14 level is regulated via the endosomal pathway. (A) Representative images of immuno-EM analysis of small EVs purified from primary mouse tendon 
fibroblast cultures labeled with antibodies specific to the catalytic domain of MMP14 and visualized with 10-nm gold-gold particles (black dots). Scale bars, 50 nm. 
(B) Representative Western blot analysis of lysates from tenocytes treated with small interfering RNAs (siRNAs) targeting Flot1. (C) Quantification of protein levels from 
Western blot analysis of cellular flotillin-1 and MMP14 from control cells and cells treated with siRNAs targeting Flot1 (n = 3 independent experiments, normalized to 
GAPDH loading control; ****P < 0.0001 and *P = 0.0371, unpaired t tests). (D) Representative Western blot analysis of small EVs released by tenocytes with depleted 
flotillin-1. (E) Quantification of protein levels from Western blot analysis of EV flotillin-1 and MMP14 from control cells and cells treated with siRNAs targeting Flot1 
(n = 4 independent experiments, 5 g of protein loaded; **P < 0.0032 for flotillin-1 and **P < 0.0034 for MMP14, unpaired t tests). (F) Representative confocal fluores-
cence microscopy images showing increased fluorescence intensity for MMP14 in flotillin-1–depleted cells. Scale bars, 20 m. (G) Representative confocal fluorescence 
microscopy images showing increased colocalization of MMP14 with early endosomes, localized via early endosome antigen-1 (EEA-1), in cells treated with siRNAs 
targeting Flot1. Scale bars, 10 m. (H) Line scan analysis of confocal images shows reduced MMP14 staining outside early endosomes. See data file S1 for original scans 
of Western blots and gels and uncropped TEM images.
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the ECM (7). Functional studies examining the effects of exosome 
and small EVs isolated from different times of the day on ECM 
assembly and their mode of function would be required to test this 
hypothesis.

A major limitation of this study was the small amount of EV pro-
tein released during 4 hours that was analyzed for each time point. 
This shortfall was minimized by pooling samples from two experi-
ments for each replicate; however, because of the small sample size, 
there was variation in the abundance of protein analyzed by LC-MS, 
so our analysis may have omitted proteins at low abundance. To be 
confident in the identification of circadian EV proteins, we collected 
samples from two circadian cycles with a 4-hour resolution, applied 
two complimentary statistical analyses, used stringent cutoffs, and 
cross-referenced the proteins identified with an existing time series 
proteomics dataset of soluble proteins extracted from mouse tendons 
(7). Biological rhythms are often noisy and may be overlaid with 
another trend, e.g., increasing or decreasing abundance. Stationary 
methods can reliably detect periodicity when the dataset is robust and 
the oscillations are stable.

In this study, the MetaCycle analysis was only able to identify 
circadian proteins in the second 24-hour time series, which was 
likely due to the batch effect of preparing the first and the second 
24-hour time series for LC-MS and due to variation between trip-
licate samples in the first 24-hour time series. This limitation 
means that the circadian proteins identified cannot be extrapo-
lated beyond the 24 hours, so there may be inconsistencies 
with which proteins are really circadian. The Gaussian process 
model, on the other hand, separates periodic signals from 
nonperiodic signals and considers the batch effect as the aperi-
odic signal to some extent. Thus, this model was able to process 
the full 48-hour time series and identify proteins with both 
sinusoidal 24-hour rhythms (in common with MetaCycle) and 
24-hour rhythms with repeating behavior combined with an-
other trend, e.g., increasing abundance. Therefore, the Gaussian process 
analysis of the 48-hour time series can more robustly identify 
circadian proteins than the MetaCycle analysis of one 24-hour 
data. There were only 30 proteins commonly identified in both 
methods, but the phase distribution and enrichment of the 
uncommon circadian proteins were consistent between the two 
analyses.

Another criticism of the study would be the experimental setup 
for the time series isolation of small EVs, where a response to serum 
withdrawal during 24 hours would generate pseudorhythmicity in 
EV protein abundance. To control for any serum-withdrawal re-
sponse, we analyzed small EVs isolated from unsynchronized cells 
and eliminated any pseudocircadian proteins from further analyses. 
Together, we presented only a modest number of small EV proteins 
as circadian time signature markers.

The discrepancy in the size of EVs analyzed by TEM and NTA 
was due to differences in the techniques used and conditions under 
which the particles were analyzed and measured (25). For TEM, 
samples were fixed, dehydrated, and imaged adhered to a surface in 
a vacuum, all of which may cause a reduction in size (41). For NTA, 
samples were hydrated in phosphate-buffered saline (PBS), and the 
hydrodynamic size calculation is dependent on and highly sensitive 
to the viscosity and temperature of the liquid. It is common for the 
NTA-reported size of EVs to be larger because the diffusion of EVs 
is affected by their interfacial properties, which also makes it diffi-
cult to avoid even by using a standard of known particle size (42). 

Between the two methods, TEM is considered the most accurate 
approach for measuring EV size (43).

MMP14 and its substrate pro-MMP2 were overall not identified 
as having any rhythmic abundance in our small EV time series data-
set, which can be attributed to our relatively small sample size. 
However, we did establish circadian rhythms in MMP14 protein 
level and MMP2 activation in lysates of synchronized cells, demon-
strated the presence of MMP14 in small EVs, and found an associa-
tion between MMP14 and flotillin-1, the latter of which we predict 
is via the dileucine motif of MMP14 (22–24). Flotillins can indi-
rectly interact with ubiquitinated cargo to regulate their sorting 
(44). MMP14 contains a Lys581 residue that becomes monoubiquiti-
nated, which does not lead to any degradation via the proteasome 
(45). The increase in MMP14 with bafilomycin A1 treatment sug-
gests that some MMP14 is degraded via lysosomes. In other studies, 
flotillin-1 depletion led to an accumulation of a substrate that inter-
acts via a dileucine motif (16) and disrupted the recycling of other 
substrates (46, 47), whereas overexpression of flotillins led to dis-
tension of recycling compartments (46). Here, an RNA interference 
approach was taken to (i) mimic the nadir phase of flotillin-1 ex-
pression during a circadian cycle, where protein levels do not fall to 
zero, and to (ii) circumvent potential compensatory mechanisms as 
a result of gene deletion that may interfere with interpretation of 
data. Because of the small amount of sample, whether flotillins reg-
ulate exosome and EV abundance (biogenesis and/or release) was 
not investigated, but it would be an important line of study in future 
investigations. Together, these data suggest a mechanism whereby 
during a 24-hour period, MMP14 is directed for lysosomal degrada-
tion when flotillin-1 level is high and MMP14 is allowed to accu-
mulate in membrane compartments when flotillin-1 level is low. As 
circadian rhythmicity of flotillin-1 is not unique to tendon (14), we 
predict that this mechanism of regulating cargo protein abundance 
is also present in other cell types.

In conclusion, the circadian clock regulation of rhythmic gene 
expression and protein abundance indirectly leads to temporal-specific 
loading of proteins in small EVs. Furthermore, the circadian clock–
controlled expression of sorting proteins in the endosomal pathway 
directly mediates the abundance of targeted cargo proteins in 
exosomes. In tendon cells, the circadian clock–regulated small EVs 
coordinate ECM assembly and remodeling, and beyond tendon 
cell biology, these findings reveal how exosomes and other small 
EVs may facilitate temporal synchronization between different cells 
within and between tissues.

MATERIALS AND METHODS
Experimental design
The primary objective was to investigate whether there is a circadian 
pattern in exosome and small EV protein composition. We designed 
a protocol for time series small EV isolation from synchronized and 
control unsynchronized cells and generated data by LC-MS. The 
synchronization protocol was validated by real-time biolumines-
cence recordings, Western blotting, and zymography. EV isolation 
protocol was validated by Western blotting and TEM. The LC-MS 
data were analyzed for proteins with circadian-rhythmic abun-
dances using two statistical approaches. The secondary objective 
was to investigate whether flotillin-1 regulates MMP14 in small EVs 
of tendon fibroblasts. To this end, an RNA interference approach 
was taken. Data were generated by immuno-EM of small EVs, 
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immunoprecipitation on cell extracts, Western blotting on cell and 
EV extracts, and immunofluorescence on fixed cells. For all exper-
iments, replicate numbers are outlined in Materials and Methods 
or figure legends. Minimum sample size was n = 3 different prepa-
rations of cells for each experiment. Experimenters were not blinded to 
experimental groups, but where possible, automated analysis was used 
to remove bias. The care and use of all mice in this study were carried 
out in accordance with the law on animal experiments in Denmark 
(Law on Animal Experiments in Denmark, LBK nr. 474, 15 May 2014) and 
Directive 2010/63/EU with the license number 2017-15-0201-01364 
issued to J.H. from the Animal Inspectorate, Ministry of Food, Ag-
riculture and Fisheries, Denmark. No experiments were performed 
on live animals.

Mouse tendon fibroblasts
Primary mouse tail tendon fibroblasts were released from mouse tail 
tendons of PER2::Luciferase mice (48), aged between 6 and 8 weeks old, 
by incubating tendons overnight in collagenase type 2 (400 U/ml; 
Worthington Biochemical Corporation) prepared in Dulbecco’s 
modified Eagle’s medium/Ham’s F-12 medium (DMEM/F-12) 
(without phenol red; Thermo Fisher Scientific) supplemented 
with 20% fetal calf serum (FCS; S181H-500, Biowest) and penicillin 
(50 U/ml) and streptomycin (50 g/ml; Thermo Fisher Scientific) at 
37°C in 5% CO2. After, cells were strained through a 70-m filter 
(BD Biosciences) and centrifuged for 6 min at 600g. All cells were 
cultured in complete medium [DMEM/F-12 medium supplemented 
with 10% FCS and penicillin (50 U/ml) and streptomycin (50 g/ml)] 
at 37°C in 5% CO2. Cells were passaged 1  in 3 when 70 to 80% 
confluent. Cells between passages 2 and 4 were used in the experi-
ments. For the blockade of lysosome function, cells were treated with 
200 nM bafilomycin A1 for 2 hours in serum-free medium at 37°C 
in 5% CO2.

Synchronization of cell cultures
Synchronization of cells was achieved by incubation with 100 nM 
dexamethasone (Sigma-Aldrich) diluted in complete medium for 
24 hours at 37°C in 5% CO2. Control cells were incubated with fresh 
complete medium for 24 hours at 37°C in 5% CO2. After, at 0 hour 
after synchronization, cells were washed with PBS three times. Cells 
were then incubated with serum-free, CO2-independent medium 
[DMEM/F-12 supplemented with 0.035% sodium bicarbonate (Sigma- 
Aldrich), 10 mM Hepes (Sigma-Aldrich), 1× GlutaMAX supplement 
(Thermo Fisher Scientific), and penicillin (50 U/ml) and strepto-
mycin (50 g/ml)] at 37°C in 5% CO2. For 24-hour time series small 
EV isolations, cells in three T225 flasks were used per experiment 
(10 ml of serum-free, CO2-independent medium per flask). Every 
4 hours during the 24 hours, the conditioned medium was collected 
for small EV isolation, and fresh serum-free, CO2-independent me-
dium was replaced on the cells.

RNA interference
For transient knockdown experiments, cells were transfected with 
5 nM Silencer-Select Pre-Designed small interfering RNAs (siRNAs) 
targeting mouse Flot1 mRNA NM_008027.2 (siRNA IDs s66143 and 
s66145, Thermo Fisher Scientific) using Lipofectamine RNAiMAX 
(Thermo Fisher Scientific). Controls were treated with transfection 
reagent only. Complete medium was replaced after 24 hours for 
24 hours. After, cells were incubated with serum-free, CO2-independent 
medium for 16 hours (64 hours from transfection).

Real-time bioluminescence recording
Synchronized PER2::Luciferase cells grown in glass bottom 35-mm dishes 
(Ibidi) were cultured with recording medium [0.1 mM d-luciferin 
(Sigma-Aldrich) in DMEM/F-12 supplemented with 5% FCS, 0.035% 
sodium bicarbonate (Sigma-Aldrich), 10 mM Hepes (Sigma-Aldrich), 
1× GlutaMAX supplement (Thermo Fisher Scientific), and penicillin 
(50 U/ml) and streptomycin (50 g/ml)] at 37°C in 5% CO2. AB-2550 
Kronos Dio (ATTO) and ATTO Dish Type Luminescence Kronos 
v2.10.231 software were used for real-time quantitative biolumines-
cence recording at 37°C in 5% CO2. Baseline subtraction was carried 
out using a 24-hour moving average. Period was calculated using 
RAP v1.0 algorithm (49). Mean and SD were calculated.

Small EV isolation and purification
Conditioned medium was ultrafiltered through a 0.22-m filter 
(Sartorius) to remove any intact cells and then centrifuged at 2000g 
for 20 min at 4°C to remove cell debris. The supernatant was further 
centrifuged at 4566g for 1 hour at 4°C. The supernatant was ultra-
centrifuged in 5-ml polypropylene centrifuge tubes (Beckman Coulter) 
at 100,000g for 2 hours at 4°C using an SW 55 Ti rotor and Optima 
L-80 XP Ultracentrifuge (Beckman Coulter). The pellet containing 
crude EV extract was resuspended in 40 l of BioUltra PBS (Sigma- 
Aldrich) and then mixed with 335 l of 90% sucrose (Sigma-Aldrich) 
in BioUltra PBS (final concentration, 82%). The suspension was 
overlaid with a decreasing sucrose gradient (3775 l of each 70, 64, 
58, 52, 46, 40, 34, 28, 22, 16, and 10%) in polypropylene centrifuge 
tubes and ultracentrifuged at 100,000g for 16 hours at 4°C. The frac-
tion containing the 34 and 40% sucrose was enriched for exosomes 
and small microvesicles, and this was diluted with 4 ml of BioUltra 
PBS and ultracentrifuged at 100,000g for 1 hour at 4°C.

Western blotting
Cells were lysed with ice-cold radioimmunoprecipitation assay 
(RIPA) buffer (Sigma-Aldrich) containing protease and phosphatase 
inhibitors (Roche) for 10 min on ice, vortexed briefly, and cleared 
by centrifugation at 10,000g at 4°C. Protein concentrations from 
cells were determined using a Pierce BCA protein assay kit (Thermo 
Scientific). EV pellets resulting from ultracentrifugation of the 34 and 
40% sucrose fractions from each experiment were resuspended in 
equal volume (20 l) of ice-cold RIPA buffer containing protease and 
phosphatase inhibitors. Lysates (20 g) or EV extracts (5 g) were 
reduced in sample buffer containing reducing agent and separated 
in 4 to 12% Criterion XT Bis-Tris gels (Bio-Rad) in XT running buffer 
(Bio-Rad). Proteins were transferred onto 0.45-m low-fluorescence 
polyvinylidene difluoride membranes (Bio-Rad). Membranes were 
blocked with 20% Odyssey blocking buffer (LI-COR) in tris-buffered 
saline (TBS) and then incubated overnight at 4°C in primary anti-
bodies diluted in 10% Odyssey blocking buffer in TBS. Primary 
antibodies used were as follows: caveolin-1 (ab17052, Abcam), CD9 
(ab92726, Abcam), flotillin-1 (610820, BD Biosciences), glyceraldehyde- 
3-phosphate dehydrogenase (AM4300, Thermo Fisher Scientific), 
histone 3 (AHO1432, Thermo Fisher Scientific), HSP47 (sc-8352, 
Santa Cruz Biotechnology), integrin 2 (sc-74466, Santa Cruz Bio-
technology), integrin 5 (sc-17029, Santa Cruz Biotechnology), in-
tegrin 1 (ab52971, Abcam), MMP14 (ab51074, Abcam), and RNA 
polymerase II (ab5131, Abcam). After, membranes were washed in 
TBS containing 0.1% Tween 20 (TBST) and then incubated in 
secondary antibodies, infrared 680–conjugated goat anti-mouse 
(A21057, Thermo Fisher Scientific) and DyLight 800–conjugated 
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goat anti-rabbit (35571, Pierce), diluted in 10% Odyssey blocking 
buffer in TBST for 1 hour at room temperature (RT). Immunoreac-
tive bands were captured using a LI-COR Odyssey scanner and 
LI-COR Odyssey software or a LI-COR Fc Imager and Image 
Studio v5.2.5. Quantification of Western blot bands was performed 
using Fiji (50). Original scans of Western blots can be found in 
data file S1.

Immunoprecipitation
Cells were lysed with ice-cold immunoprecipitation buffer [10 mM 
tris-HCl (pH 8.0), 150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100, 
60 mM n-octyl--d-glucopyranoside (Sigma-Aldrich)] containing 
protease and phosphatase inhibitors. Protein concentrations from 
cells were determined using Quick Start Bradford Protein Assay 
reagent (Bio-Rad). Protein (3 to 4 mg/ml) in immunoprecipitation 
buffer was incubated with control rabbit immunoglobulin G (10 g/ml; 
Thermo Fisher Scientific) or monoclonal antibodies to flotillin-1 
(ab133497, Abcam) or MMP14 (ab51074, Abcam) overnight on a 
vertical rotator at 4°C. After, protein G agarose beads (100 l/ml; 
Roche) were added and incubated for a further hour. Bound protein 
complexes were spun down, washed twice with immunoprecipita-
tion buffer and once with 1× TBS, and eluted by heating in 4× Laemmli 
sample buffer (Bio-Rad) containing reducing agent (Bio-Rad) for 
10 min at 95°C for analysis by Western blotting.

Immunofluorescence
Cells grown on glass coverslips were fixed with Histofix (Histolab) 
for 10 min at RT and then washed with TBS three times. Cells were 
blocked and permeabilized with 0.3% Triton X-100 and 1% bovine 
serum albumin (BSA) in TBS for 1 hour at RT and then incu-
bated in primary antibodies to MMP14 (clone LEM-2763.1; ab78738, 
Abcam) and early endosome antigen-1 (clone C45B10; 3288T, 
Cell Signaling Technology) overnight at 4°C. After washing, cover-
slips were then incubated with secondary antibodies Alexa Fluor 
488–conjugated goat anti-mouse (A11031, Thermo Fisher Scien-
tific) and Alexa Fluor 568–conjugated goat anti-rabbit (A11034, 
Thermo Fisher Scientific) for 1 hour at RT. After washing, coverslips 
were mounted with ProLong Gold Antifade Mountant with DAPI 
(Thermo Fish Scientific). All fluorescence images were collected 
by laser scanning confocal microscopy (SP5-X; Leica) with Leica 
Application Suite software (version 2.7.3.9723), using a ×63 im-
mersion (water) objective. Images were collected with the same set-
tings for control and treated cells. Image analyses were performed 
using Fiji (50).

Gelatin zymography
Protein lysates (10 g) were incubated with nonreducing 2× Novex 
tris-glycine SDS sample buffer (Thermo Fisher Scientific) for 30 min 
at RT and then separated in Novex 10% gelatin protein gels (Ther-
mo Fisher Scientific) in 1× Novex tris-glycine SDS running buffer 
(Thermo Fisher Scientific). After electrophoresis, the gels were washed 
twice for 15 min at RT with 1× Novex renaturing buffer (Thermo 
Fisher Scientific) and then washed for 30 min at RT with 1× Novex 
developing buffer (Thermo Fisher Scientific). After the gels were 
incubated with fresh developing buffer for 2 days at 37°C, the gels 
were stained with Coomassie blue for 1 hour at RT. The gels were 
destained in 30% methanol until the bands appeared. Quantification 
of digested bands from scanned gels was performed using Fiji (50). 
Original scans of gels can be found in data file S1.

Electron microscopy
TEM analysis of tendon fibroblasts in three-dimensional tendon 
constructs was performed as described previously (51). TEM, analy-
sis of small EVs were prepared as previously described (32). EV pellets 
were resuspended and fixed in 2% glutaraldehyde in 100 mM phos-
phate buffer. Fixed EVs were mounted onto copper grids (Agar Sci-
entific), then stained with 1% (w/v) uranyl acetate (Sigma-Aldrich) 
in ddH2O for 3 min at RT, and washed with ddH2O. For immuno- 
EM for MMP14, small EV extracts were resuspended in ice-cold 
PBS containing protease and phosphatase inhibitors. Without fixa-
tion, the small EVs were mounted onto copper grids covered with a 
continuous carbon film. All steps were performed at RT with care 
not to dry out the samples. The small EVs were blocked with 0.1 M 
PBS containing 50 mM glycine, 1% BSA, 0.2% Tween-20, and 0.1% 
sodium azide for 10 min two times. After, a mouse monoclonal 
antibody raised against amino acid sequence 218 to 233 within the 
catalytic domain of MMP14 (clone LEM-2/15.8; MAB3328, Merck), 
which we have validated previously for immuno-EM and shows no 
immunoreactivity in MMP14-null mouse tissues (18), was applied 
for 20 min at RT. After washing with blocking buffer for 10 min 
three times, 10-nm gold-conjugated protein A (R14049-1, Agar Sci-
entific) was applied for 20 min. The grids were then washed with 
blocking buffer for 10 min twice, followed by washes in ddH2O for 
2 min six times. After, the grids were stained with 1% uranyl acetate 
in ddH2O for 3 min and washed with ddH2O. Grids were examined 
with a Tecnai 12 instrument (FEI) fitted with a 2 k × 2 k–cooled 
Teitz F214A charge-coupled device camera (Tietz Video and Image 
Processing Systems). Images were taken at ×13,000 magnification 
for EV diameter measurements using Fiji (50). Mean and SD were 
calculated.

Nanoparticle tracking analysis
EV pellets resulting from ultracentrifugation of the 34 and 40% su-
crose fractions from each experiment were resuspended in 500 l of 
particle-free BioUltra PBS. Samples were measured and quantified 
using a NanoSight LM10 running NTA v3.1 software (Malvern, UK). 
Immediate prior to measurement small EV suspensions were vor-
texed at high speed for 10 s to break up any aggregates. An average 
of 17.4 ± 10 particles per frame was measured. Data were collected 
from standard measurement recorded at 20° to 22°C with viscosity 
set to water (0.940 to 0.948 centipoise), camera level to 16, and de-
tection threshold to 4, and all other parameters were set as default. 
Each standard measurement included five videos with duration of 
1 min (5 min in total), and fresh sample was injected for measure-
ment before each video. The sum of hydrodynamic size distribution 
of valid tracks from five videos was used for each time point.

Time series small EV protein isolation
In our experimental setup, samples were isolated independently 
for each 24-hour time series, i.e., samples for 4, 8, 12, 16, 20, and 
24 hours after synchronization were isolated from one experiment, 
and samples for 28, 32, 36, 40, 44, and 48 hours after synchroniza-
tion were isolated from another experiment. For each set of time 
series samples [4 to 24 hours (n = 3), 28 to 48 hours (n = 3), and 
control 4 to 24 hours (n = 3)], isolates from two independent exper-
iments were pooled together for sufficient material for analysis. EV 
pellets resulting from ultracentrifugation of the 34 and 40% sucrose 
fractions from each experiment were resuspended and lysed with 
6 M guanidine hydrochloride, 10 mM tris (2-carboxyethyl) phosphine 
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hydrochloride, 40 mM 2-chloroacetamide, and 100 mM tris (pH 8.5) 
for MS analysis. Protein concentrations were determined by Quick 
Start Bradford Protein Assay (Bio-Rad) according to the manufac-
turer’s instructions.

Tryptic digestion of EV proteins and LC-MS
EV proteins were digested for LC-MS as described previously (32). 
Samples for the first 24-hour, second 24-hour, and control time 
series were processed in three batches. For each sample, 500 ng of 
peptides was loaded onto a 2-cm C18 trap column (Thermo Fisher 
Scientific), connected in-line to a 50-cm C18 reverse-phase analyti-
cal column (EASY-Spray LC column, Thermo Fisher Scientific) 
using 0.1% formic acid in water at 750 bar, using the EASY-nLC 
1200 high-performance LC system (Thermo Fisher Scientific) and 
the column oven operating at 45°C. Peptides were eluted over a 
140-min gradient ranging from 6% to 60% of 80% acetonitrile and 
0.1% formic acid at 250 nl/min, and the Orbitrap Fusion instrument 
(Thermo Fisher Scientific) was run in a data-dependent MS/MS 
(DD-MS2) top speed method. Full MS spectra were collected at a 
resolution of 120,000, with an automatic gain control (AGC) target of 
4 × 105 or maximum injection time of 50 ms and a scan range of 400 
to 1500 mass/charge ratio (m/z). The MS2 spectra were obtained 
in the ion trap operating at rapid speed, with an AGC target value 
of 1 × 104 or maximum injection time of 35 ms, a normalized 
higher-energy collisional dissociation collision energy of 30, 
and an intensity threshold of 1.7 × 104. Dynamic exclusion was set 
to 60 s, and ions with a charge state <2, >7, or unknown were excluded. 
MS performance was verified for consistency by running complex 
cell lysate quality control standards, and chromatography was 
monitored to check for reproducibility.

Label-free quantitative proteomics analysis
The MS proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository (www.ebi.ac.uk/
pride/archive/) with the dataset identifier PXD022393. The raw files 
were analyzed using Proteome Discoverer 2.4. Label-free quantita-
tion was enabled in the processing and consensus steps, and spectra 
were matched against the Mus musculus validated databases ob-
tained from UniProt. Dynamic modifications were set as oxidation 
(M), deamidation (N,Q), and acetyl on protein N termini. Cysteine 
carbamidomethyl was set as a static modification. All results were 
filtered to a 1% false discovery rate (FDR), and protein quantitation 
was done using the built-in Minora Feature Detector. Only proteins 
for which two unique peptides were detected were analyzed. Proteins 
suggested by the Minimal Information of Studies for EVs 2018 (52) 
were used for protein content–based EV characterization.

Rhythmic protein identification
Periodicity analyses were applied to proteins that were detected in 
at least two of the triplicate samples per time point. MetaCycle (26) 
was applied to the LC-MS readouts of the full 48-hour time series 
and then, separately, the first 24-hour, second 24-hour, and control 
time series. JTK and Lomb-Scargle methods were selected. Circadian 
rhythmic proteins were only identified in the second 24-hour time 
series. Data files S3 and S4 contain the readouts of the MetaCycle anal-
yses for the second 24-hour and control time series, respectively, 
where a Benjamini-Hochberg FDR less than 0.2 was used to identify 
rhythmic proteins. Circadian periodicity of EV proteins were analyzed 
using an approach previously described by Durrande et al. (27). 

Briefly, a Gaussian process model was fitted to each protein time series 
(full 48 hours), where the kernel is composed of a periodic and non-
periodic part. The periodicity of the time series was estimated using 
the S statistics, which quantifies the amount of variance explained 
by the periodic part of the kernel: ​S  = ​   Va ​r​ R​​ [ ​y​ p​​(R ) ] ____________  Va ​r​ R​​ [ ​y​ p​​(R ) + ​y​ a​​(R ) ]​​, where yp and 
ya are the periodic and aperiodic predictions from the Gaussian 
process given the data over the range R. Proteins with a median of S 
greater than 0.3 with an SE less than 0.2 were statistically circadian 
rhythmic. Data files S5 and S6 contain the results for the 48-hour 
time series and control time series, respectively. To perform the 
same analysis as the 48-hour time series on the control time series 
that has a 24-hour length, the control data were combined with the 
second 24-hour time series data to provide a 48-hour dataset. Functional 
enrichment analysis was performed using the online tool DAVID 
version 6.7 (53). Proteins with putative dileucine motifs DxxLL were 
identified using the online Expasy ScanProsite tool at https://prosite.
expasy.org/scanprosite/ (data file S7).

Statistical analysis
Mean, SD, and SEM were calculated for datasets from at least three 
independent experiments (n numbers are indicated in figure legends). 
SEM bars are plotted where n ≥ 3. Where n < 2, a note is made in 
the figure or figure legend. Cellular protein data were evaluated using 
unpaired t tests, and EV protein data were evaluated using paired 
t tests using Prism 5 (GraphPad Prism Software). Significant differ-
ences are indicated in the figure legends. Analyses of variation be-
tween EV LC-MS samples (first 24 hours, n = 3; second 24 hours, 
n = 3; and control, n = 3) were performed using the R-based inte-
grated web application Differential Expression and Pathway version 
0.90 (54). For NTA, the lower and upper quartiles and the median 
were calculated. Two-way analysis of variance (ANOVA) showed 
no significant differences between time points.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abc9061

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