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Abstract

Circulating tumor cells (CTCs) is an established biomarker of cancer metastasis. The circulation dynamics of CTCs are
important for understanding the mechanisms underlying tumor cell dissemination. Although studies have revealed
that the circadian rhythm may disrupt the growth of tumors, it is generally unclear whether the circadian rhythm
controls the release of CTCs. In clinical examinations, the current in vitro methods for detecting CTCs in blood samples
are based on a fundamental assumption that CTC counts in the peripheral blood do not change significantly over
time, which is being challenged by recent studies. Since it is not practical to draw blood from patients repeatedly, a
feasible strategy to investigate the circadian rhythm of CTCs is to monitor them by in vivo detection methods.
Fluorescence in vivo flow cytometry (IVFC) is a powerful optical technique that is able to detect fluorescent circulating

cells directly in living animals in a noninvasive manner over a long period of time. In this study, we applied
fluorescence IVFC to monitor CTCs noninvasively in an orthotopic mouse model of human prostate cancer. We
observed that CTCs exhibited stochastic bursts over cancer progression. The probability of the bursting activity was
higher at early stages than at late stages. We longitudinally monitored CTCs over a 24-h period, and our results
revealed striking daily oscillations in CTC counts that peaked at the onset of the night (active phase for rodents),
suggesting that the release of CTCs might be regulated by the circadian rhythm.

Introduction

Circulating tumor cells (CTCs) have aroused wide
attention as indicators of metastasis'>. CTCs are very
rare cells that are shed by solid tumors and circulate in the
vasculature. A small number of them can settle and
colonize a new site to form metastasis. Analyses of CTCs
have provided insights into the mechanism of metastasis,
thereby facilitating the development of early diagnosis,
prognosis evaluation, and antimetastatic therapeutic
strategies™. The temporal distribution and circulation
dynamics of CTCs are important for understanding the
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mechanisms underlying tumor cell dissemination.
Although studies have revealed that the circadian rhythm
may disrupt the growth of tumors®™® it is generally
unclear whether the circadian rhythm controls the traf-
ficking of CTCs. The circadian rhythm is the internal
molecular clock that oscillates with a periodicity of 24 h
under the entrainment of external or environmental cues.
These cues are known as zeitgebers, meaning environ-
mental agents or events that provide the stimulus for
setting or resetting the biological clock of an organism.
Light is a major environmental zeitgeber that entrains the
biological clock of the suprachiasmatic nucleus’. Given
that circadian rhythm regulates multiple pathways related
to cancer development, such as metabolism, hormone
secretion, and cell division'®"!, it is possible that CTC
release may be controlled by the circadian clock.

CTCs are not easy to detect because they are rare in the
peripheral blood, at an estimated concentration of 1-10
CTCs per mL'% 1t is difficult to monitor CTCs over a long
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period of time. For most of the current detection methods
in biomedical research and clinical examinations, it is
necessary to draw blood first'*'*, The fundamental prin-
ciple of these blood-based in vitro detection methods is that
blood samples are representative; which assumes that the
CTC count does not change significantly over the course of
several days. However, the distribution of CTCs in circu-
lation may not be uniform'>'®, Patients with zero CTCs
detected at a given time point may not be CTC-free'.
However, it is not practical to draw blood from patients
repeatedly to clarify the temporal distribution of CTCs. A
feasible strategy for investigating this issue is to monitor
CTCs in animal models via in vivo detection methods.

Fluorescence in vivo flow cytometry (IVFC) is an optical
technique that is able to detect moving cells directly in living
animal models in a noninvasive and continuous way'® %,
By detecting fluorescence from a light sheet across an artery
in the experimental animal (details in “Materials and
Methods” section), it allows serial measurements of fluor-
escently labeled CTCs over minutes to hours and provides
temporal information. Compared with in vitro detection
methods of CTCs, blood drawing is avoided with fluores-
cence IVFC. Additional processes involved in vitro detection
methods, such as cell lysis, centrifugation, and enrichment,
are avoided as well. These in vitro processes could perturb
the biological environments of CTCs and significantly affect
the accuracy of CTC detection. Fluorescence IVFC was first
developed by Lin et al. at the Massachusetts General Hos-
pital in Boston. It has been widely applied for detecting the
CTCs of leukemia®!, liver cancer”, prostate cancer”, breast
cancer”, etc”. It has unique advantages in the investigation
of the circadian rhythm of CTCs, and this application has
not been reported previously.

In this study, we utilized fluorescence IVFC to explore
the temporal distribution and circulation dynamics of
CTCs by analyzing the changes in CTC counts over the
course of minutes to hours. We established an orthotopic
mouse model of human prostate cancer and monitored
CTCs over 24 h. It was found that CTCs were not uni-
formly distributed and tended to occur in stochastic
bursts at the early stages of cancer. Prostate cancer CTCs
fluctuated markedly over 24 h, peaking at the onset of
night. Moreover, we also provided sampling guidelines to
improve detection accuracy by analyzing the circadian
distribution profile and short-term variation in CTCs.
Our results suggest that the trafficking of CTCs may be
regulated by circadian rhythm and thus provide new
insights into the mechanism of CTC release.

Results
CTCs monitored by fluorescence IVFC were not distributed
homogeneously in the circulation

To explore the temporal distribution of CTCs in the
circulation, we established a fluorescence in vivo flow
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cytometer (Fig. 1a) and an orthotopic nude mouse model
of human prostate cancer (Fig. 1b). Fluorescence IVFC
was performed on the ear of each mouse. When a GFP-
expressing CTC passed through the focused laser sheet
across an artery, its fluorescence was excited and collected
by a photomultiplier tube (PMT)**?°. Thus, the time
point of each CTC was recorded. Among five mice
bearing prostate tumors, two mice had CTCs on day 6
after tumor implantation. The average CTC counts within
50 min were 2.4 + 1.5, 184+ 5.9, 75.4 + 21.0, and 102.0 +
18.5 on day 6, day 12, day 18, and day 24 after tumor
implantation, respectively (Fig. 1c). When analyzing the
graphed IVFC data, we observed that the CTC count
fluctuated on a short timescale (Fig. 1d), which prompted
us to further investigate the temporal dynamics of CTCs.

The probabilities of bursting activity were higher at the
early stages

To analyze the dynamics of CTCs at short timescales,
we first calculated the inter-CTC intervals (ICIs), repre-
senting the time intervals between two neighboring CTCs.
As shown in Fig. 2a, a total of 150 CTCs were detected
within 3000 s in one mouse on day 24, the average ICI was
19.9 s, whereas the ICIs varied from the shortest (less than
1s) to the longest (more than 144s). The ICIs of each
mouse were visualized by a histogram in which more than
65% of CTC spikes were separated by time intervals of
10s (Fig. 2b). The distribution of the ICIs was compared
with an exponential distribution using the Kolmogorov-
Smirnov (KS) test. The ICI probability densities on day 24
lay in the 95% confidence interval of the KS plot,
suggesting that the ICIs had an exponential distribution
(Figs. 2b and S1). However, on day 18 and day 12, the ICI
distribution deviated from an exponential distribution
(Figs. S2, S3). This was surprising because CTC occur-
rence was previously inferred as a Poisson process®”*,

To rigorously test whether the occurrence of CTCs was
a Poisson process, the Fano factor (FF) was computed as
the ratio between the variance in the CTC count and the
mean””, The Fano factor for a Poisson process falls within
the 95% confidence interval around the value of 1*°. The
Fano factors of the 5 mice on day 24 fell within the 95%
confidence interval (Fig. 2c), suggesting that CTC occur-
rence was a Poisson process. However, on day 18 and day
12, the Fano factors were well above the 95% confidence
interval, except for mouse 1 on day 18 (Fig. 2c), indicating
greater variation in CTC occurrence than could be
accounted for in a Poisson process at early stages.

We also observed stochastic bursts of CTCs that
occurred near each other and interspersed with periods
that contain fewer CTCs (Figs. S1-S3, upper panels). To
measure the bursting activity at different stages of cancer,
we compared the nonburst-to-burst ratio on day 12, day
18 and day 24. The bursts were defined as two or more
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Fig. 1 Monitoring prostate cancer CTCs by fluorescence IVFC. a Schematic of the fluorescence IVFC experimental setup. CL: cylindrical lens; MS1-
MS2: mechanical slits; AL1-AL3: achromatic lenses; DM1-DM2: dichroic mirrors; M1-M4: mirrors; F1-F2: bandpass filters; OL: objective lens; CCD: charge-
coupled device; PMT: photomultiplier tube. b Schematic of the workflow to establish an orthotopic mouse model of prostate cancer and perform
IVFC detection. A 488-nm laser is focused across the ear of a mouse with an objective lens. The fluorescence emission of a GFP-labeled CTC is
collected by a PMT and converted to an electrical signal as a spike above the baseline. ¢ Dynamic changes in CTC count during cancer progression.
The data are presented as the mean SEM, n = 5. d Representative examples show that CTCs are not homogeneously distributed in the circulation.
Right: IVFC signals detected over 60s. Each vertical line represents a CTC signal

successive CTCs whose ICIs were smaller than the mean
ICI*'. We constructed a joint ICI plot, which plotted the
current ICI (i-th ICI) against the next ICI (i+ 1-th ICI)
(Figs. 2e—g, S1-S3). We found that the probabilities of the
bursting activity were higher on day 12 and day 18 than
on day 24(Fig. 2h). Taken together, these results showed
that CTC occurrence at early stages was more variable
than expected for a Poisson process. The bursting beha-
vior observed in CTCs might explain the non-Poisson
variations.

CTC counts exhibited remarkable daily oscillations
revealed by fluorescence IVFC

To elucidate the daily variation in CTCs, mice were
housed under a 12 h light:12 h dark cycle (12/12 LD) with
lights-on at 07:00 and lights-off at 19:00 (Fig. 3a). The
lights-on time was defined as zeitgeber time 0 (ZTO0).
Fluorescence IVFC was performed to monitor CTCs at
4-h intervals starting at 08:00 (ZT1) to 04:00 (ZT21). Cir-
cadian rhythmicity was determined using Cosinor analysis
with MetaCycle®”>. We found that the numbers of CTCs
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Fig. 2 Analysis of the pattern of CTC occurrence at short timescales by fluorescence IVFC. a Upper, 151 CTCs detected in 3000 s in a mouse at
24 days after tumor implantation. Lower, ICl of each CTC. The red dashed line shows the average ICl. CTC index is the CTC serial number. b IC
histogram with time bins size = 20's. The inset shows the KS plot of ICls stays within the 95% confidence band (Cl) (gray band), indicating the ICls
follow an exponential distribution. ¢ The Fano factor of each mouse on day 24, day 18, and day 12 after tumor implantation. The orange boxes
indicate the 95% confidence intervals of the Fano factors in a Poisson process. The small blue boxes indicate the Fano factor of each mouse.
d Diagram of the joint ICl plot. e-g Joint ICl scatter plot on day 24 (e), day 18 (f), and day 12 (g). The x-axis shows the current ICl, and the y-axis shows
the next ICl. The dashed line indicates the mean ICI. h The ratio of nonbursts to bursts on day 12, day 18, and day 24; n = 5 mice, unpaired t-test. *P <
0.05, **P < 0.01. All data are presented as the mean SEM

significantly oscillated in peripheral blood, exhibiting a
peak at 20:00 (ZT13) and a trough at 08:00 (ZT1) (Fig. 3b).
Since blood flow velocity could affect the number of CTCs,
we assessed whether the blood flow velocity varied during a
24-h period. The peak width of the fluorescence IVFC
signal is determined by cell velocity. We calculated the
peak width of each CTC at different time points and found
no significant daily variation (Fig. 3c). Pearson correlation
analysis revealed no significant correlation between the
peak width and the CTC count, suggesting that the daily
variation in CTCs was not caused by a change in the blood
flow velocity (Fig. 3d). To reveal the endogenous rhythm of
CTCs, mice were transferred to constant darkness (DD) for
two weeks to eliminate the entrainment effects of light on
the circadian clock®® (Fig. 3a). The rhythmic oscillations of

CTCs were sustained in DD, indicating the bona fide
endogenous nature of CTCs (Fig. 3b)**%°,

Since light is a major entrainment cue of the circadian
clock, we next questioned whether light was an entraining
signal for the daily oscillations of CTCs. We induced
changes in the light regime by switching mice to an
inverted light cycle (DL) or a 16 h light:8 h dark cycle (16/8
LD) for a minimum of 2 weeks to completely establish the
changing light cycle before detection as previously repor-
ted>*3¢ (Fig. 3a). The differences in amplitude, midline-
estimating statistic of rhythm (MESOR), and acrophase of
the rhythm between the two groups were compared®.
Notably, the DL cycle fully inverted the acrophase of CTC
oscillations (Fig. 3e). Furthermore, the 16/8 cycle induced
a 4-hour shift in the acrophase (Fig. 3f). Together, these
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Fig. 3 CTC counts exhibited circadian oscillation in mice monitored by fluorescence IVFC. a Schematic of the light-dark cycle. b Circadian
rhythm of CTCs in mice maintained under 12/12 LD and DD conditions. Unfilled bars: light phase, filled bars: dark phase. The statistical significance of
the fluctuation was evaluated using Cosinor analysis, n = 5-8 mice. ¢ Daily variations in the peak widths of the IVFC signals detected in mice
maintained under 12/12 LD conditions. Cosinor analysis revealed no significant fluctuation, n =8 mice. d Pearson correlation analysis of the CTC
—0.012, P=0.934). e Circadian rhythm of CTCs in mice maintained under 12/12 LD and DL conditions. The statistical
significance of the fluctuation was evaluated using Cosinor analysis, n = 3-8 mice. There was a significant difference in acrophase (Acro) between the
12/12 LD and DL groups. f Circadian rhythm of CTCs in mice maintained under 12/12 LD and 16/8 LD conditions. The statistical significance of the
fluctuation was evaluated using Cosinor analysis, n = 6-8 mice. There was a significant difference in acrophase (Acro) between the 12/12 LD and 16/8
LD groups. g CTC counts at the peak and trough of the rhythm, n = 3-8 mice, unpaired t-test. h Schematic diagram showing the fluorescence IVFC
signals of a single CTC and a CTC cluster. i Daily variation in the numbers of single CTC and CTC clusters detected in mice maintained under 12/12 LD
conditions. *P < 0.05, **P < 0.01, ***P < 0.001. All data are presented as the mean SEM

Day time

data indicated that the light-dark cycle was an entraining
cue of the CTC rhythm, which could fully reset and
entrain their intrinsic circadian rhythm. The significant
daily fluctuation of the CTC counts led to a 2-fold to 12-
fold change in numbers between the peak and trough of

the CTC rhythm in the four light and dark conditions
(Fig. 3g). In addition, we found no significant difference
between the rhythm of CTC clusters and single CTCs
when we analyzed the fluorescence signal pattern (Fig. 3h,
i, Movies S1, S2).
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Larger blood volume and multiple small samples improved
CTC detection accuracy

Considering that the numbers of CTCs varied at short
and long-time scales, we aimed to optimize the sampling
strategy to increase the detection accuracy of CTCs by the
in vivo data. We questioned whether the diagnostic yield of
CTC detection was correlated with the sampling volume
and sampling time. We evaluated the detection accuracy of
a random sample of four sampling strategies at ZT13 and
ZT1 (Fig. 4a). The A strategy assessed 1 min of sample; the
B strategy assessed 1 min of sample 5 times, with no time
interval between each sample, and averaged the values; the
C strategy assessed 1min of sample 5 times, with 1 min
between each sample, and averaged the values; the D
strategy assessed 1min of sample 5 times, with 5min
between each sample, and averaged the values.

To quantify the detection accuracy, we computed the
deviation of CTC count obtained in a random sample from

the mean CTC count calculated from the 30 min data
(hereafter, the “mean deviation”) (Fig. 4b). Therefore, the
smaller the mean deviation was, the higher the detection
accuracy of CTCs. The mean deviation was lower at ZT13
than at ZT1, suggesting that the sampling time influenced
the detection accuracy. In addition, multisampling
decreased the mean deviation (Fig. 4c—e). These results
indicated that multisampling and sampling at ZT13 would
improve the accuracy of CTC detection. As the B strategy
was equivalent to taking a 5min sample, a larger blood
volume would also improve the detection accuracy.

Discussion

Even though great efforts have been made, the
mechanisms underlying cancer metastasis remain largely
unknown. The CTC count and its biological rhythm have
important implications for cancer treatment and prog-
nosis. However, the detection of CTCs in the blood is
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unpredictable. In this study, we performed fluorescence
IVEC to investigate the temporal distribution of CTCs. We
found stochastic bursts and a strong circadian rhythm of
CTC release. The CTC count in a certain volume was
considered to follow a Poisson distribution®”*%, We found
that CTCs occurred as a Poisson process on day 24 after
tumor implantation. However, when CTCs were rare at
earlier stages, they tended to occur in bursts. These clus-
ters of cells might travel together to increase survival and
co-home to form polyclonal metastases®. We speculate
that the large number of CTCs at the late stages of the
disease conceals the burst activity. Nonetheless, CTC
count is more variable than expected for a Poisson process.

Compared with the current in vitro detection methods
of CTCs, which involve drawing blood and are based on
biophysical and biochemical principles, in vivo optical
techniques have shown great advantages according to
their higher temporal resolution and noninvasive char-
acteristics. These advantages of optical detection enable
the monitoring CTCs at a series of time points during the
day/night cycle. As a widely used but still developing
optical technique, this work extends an important appli-
cation range of fluorescence IVFC in the study of the
circadian rhythm of CTCs. IVFC might be the most sui-
table optical detection method for assessing CTCs
according to research on circulation dynamics in animal
models. There are several varieties of IVFC, such as
photoacoustic IVEC***! and Raman IVFC**~**, They have
the capability to detect label-free CTCs in vivo, which is
based on the contrast of endogenous biomarker of CTCs,
such as melanin in circulating melanoma cells. Although
these label-free IVFC techniques are limited to only a few
types of cancer due to the low concentration of cancer
biomarkers in CTCs, it is foreseeable that there will be
breakthroughs in the near future with their rapid optical
development in biomedical research.

Studies in humans have disclosed conflicting conclu-
sions regarding circadian variations in CTCs. A study
focused on multiple myeloma observed robust circadian
fluctuation of CTCs*’, whereas two studies on patients
with metastatic breast cancer found no significant differ-
ences in CTC counts between daytime and nighttime*®*”,
but 87% of patients in these studies received periodic
steroid treatment, which may disrupt the circadian
rhythm and thus influence the cell cycle and dissemina-
tion*®*°, Moreover, the absence of daily variation in CTC
counts in those studies may, at least partially, be due to
the low sensitivity of the isolation technologies. In addi-
tion, blood samples were collected twice a day at 08:00
and 20:00 in their studies, and this interval might be too
long to characterize the daily oscillations in CTCs. Given
that CTCs were rare and their counts could fluctuate
periodically during the day, as shown in this study, there
might be no significant difference between CTC counts at
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two timepoints far from each other. Considering that the
daily oscillation and short-term fluctuation of CTCs are
likely to increase the uncertainty of in vitro detection,
collecting samples at different time points over 24 h and
assessing larger blood volumes or multiple small samples
could help to improve detection accuracy.

There are two potential explanations for why CTC
counts are regulated by the circadian rhythm: physical
factors and biological factors. Mice are nocturnal ani-
mals that are active during the night phase and rest
during the light phase®®~>%, both in physical activities
and biological processes. A study showed that CTC
dynamics changed after physical pressure and palpa-
tion®*. Mice are more likely to be affected by physical
pressure on the tumor during the active night phase.
Although there are quite a few studies investigating the
relationship between CTC counts and animal beha-
vioral/physical activities, it is worth conducting more in-
depth studies on this topic. Compared to physical fac-
tors, biological factors seem to play more important roles
in regulating CTC release during the dark and light
phases. For example, the immune functions vary over a
day®®>. Most mature immune cells, including natural
killer (NK) cells, are released into the blood at the
beginning of the rest phase and migrate to organs during
the active phase®®. As part of the innate immune system,
NK cells play a central role in the intravascular anti-
tumor response”’. During the rest phase, the number of
NK cells in the blood increases>®, which may result in a
low level of CTCs. The number of NK cells reaches the
lowest level at the onset of the active phase, which may
lead to the peak of CTC counts.

Epithelial-mesenchymal transition (EMT) has been
implicated to be responsible for the release of tumor cells
from the primary tumor®®. The successful shedding of
tumor cells into the vessels involves interplay between the
tumor and microenvironment. As an important part of
the tumor microenvironment, macrophages secrete
tumor necrosis factor-a (TNF-a) to promote the EMT of
cancer cells®”. The amount of TNF-a in macrophages
peaks around the onset of the active phase®', suggesting
that more CTCs can be released at the active phase.
Therefore, the shedding of tumor cells may be related to
the active and rest cycle.

Our data demonstrate that the number of CTCs peaks
at the onset of the active phase, which indicates that the
trafficking of CTCs is regulated by the circadian clock.
Further systematic investigations are needed to address
whether the circadian clock influences the shedding
process, survival, and/or extravasation process of CTCs.
Our results suggest that rest (sleep) is important and that
a lack of sleep may increase CTC release and enhance
metastasis risk. As the tolerability and efficacy of antic-
ancer therapies are related to the circadian rhythm®, the
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CTC rhythm may help optimize treatment timing and
improve the results of chronotherapy.

Overall, this work reveals time-of-day differences and
short-term variations in CTC trafficking. Our findings
suggest that hematogenous metastasis may be regulated
by circadian rhythm-related genes and that developing
time-of-day specific treatment may help to improve
treatment outcomes.

Materials and methods
Cells and animal models

The human prostate cancer cell line PC3 was a gift
from Prof. Wei-Qiang Gao (School of Biomedical Engi-
neering and Med-X Research Institute, Shanghai Jiao
Tong University). Cells were cultured in RPMI-1640
medium with 10% fetal bovine serum (Gibco, Waltham,
MA, USA). PC3 cells were transfected with pLVX-
EGFP1-C1 (Takara, Mountain View, CA). Polybrene
(Takara, Mountain View, CA) was added according to
the manufacturer’s instructions.

All mice were housed under 12/12 LD conditions with
food and water ad libitum for two weeks before tumor
implantation. BALB/c nude mice (male, 4—6 weeks) were
used in this study. A total of 1 x 10° PC3-GFP cells sus-
pended in 100 uL. PBS were injected subcutaneously into
the left flank of recipient mice. The formed subcutaneous
tumors were cut into small cubes (~1 mm?®). The mice
were anesthetized with isoflurane. The operation area was
sterilized with iodophors and 75% medical-grade alcohol.
A lower midline abdominal incision was made, and the
bladder and seminal vesicle were externalized using a dry
sterilized cotton swab. The dorsal prostatic lobe was
exposed by tilting back the seminal vesicles. The prostate
capsule was opened with an ~1 mm incision, and a tumor
cube was inserted into the capsule. Then, the capsule was
closed with an absorbable 7-0 suture to prevent the
tumor cube from falling out. After that, the muscle layer
and skin were closed with 5-0 surgical sutures. All sur-
gical procedures were performed in a sterile environment.

All animal experiments were performed with the
approval of the Ethical Committee of Animal Experiments
of Med-X Research Institute and School of Biomedical
Engineering at Shanghai Jiao Tong University.

Fluorescence IVFC

An experimental in vivo flow cytometer was established
in our laboratory, as illustrated in Fig. la. Specifically, the
light source was a 488-nm laser, which was reshaped into a
light sheet using a cylindrical lens. The light sheet was
focused by an objective lens and positioned across a mouse
artery. The artery was illuminated with a 532-nm LED and
imaged with a charge-coupled device (CCD). When a GFP-
labeled CTC passed through the laser slit, its fluorescence
was excited and collected by a PMT. The mouse was
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anesthetized with 100 mg ketamine and 10 mg/kg xylazine
and placed on the sample stage with its ear adhered to a
microscope slide. Fluorescence IVFC was performed on
each mouse (7 =5) for 50 min every 6 days from day 6 to
day 24. Data on day 18 and day 24 were used for ICI
analyses. For 24-h monitoring, fluorescence IVFC was
performed on each mouse (# = 8) for 30 min every 4 h from
ZT1 to ZT21 at day 18.

We also discriminated CTC clusters with single CTCs
through the signal pattern detected by fluorescence IVFC.
Signals with multiple peaks were produced by CTC
clusters, while single-peak signals were produced by single
CTCs* (Fig. 3f).

Fluorescence IVFC data analyses

Raw data acquired by fluorescence IVFC were analyzed
with MATLAB. First, the data were denoised and identi-
fied according to our previous work®®. Then, the peak
height and width were calculated and stored.

Poisson process test

A Poisson process is defined as a counting process in
which the inter-events-intervals have an exponential dis-
tribution. To test whether CTC occurrence was a Poisson
process, we first determined whether the ICIs were
exponentially distributed. The empirical cumulative den-
sity function (CDF) was compared with a model CDF of
the exponential based on the KS test®®. The CDF of the
exponential distribution was

1—eM >0
L

(1)

where is the intensity of CTC occurrence, was estimated
by the maximum log-likelihood

L= Cxlog(\) —Ax »_ICI, (2)
i=1

where C is the number of ICIs. The maximum difference
between CDFs was asymptotically distributed and was
used to calculate the 95% Cls. A well-fit model should stay
entirely within these bounds. Then, the Fano factor was
calculated as the sample variance divided by the sample
mean to compare the variability from CTC occurrence
with a Poisson process. The 95% CI of the Fano factor was
calculated as previously reported®. The Fano factor for a
Poisson process should lie within the 95% CI.

Burst identification

The mean ICI for each mouse at different time points
was computed. CTC burst activity was defined as two or
more successive CTCs whose ICIs were smaller than the
mean ICI*'. To construct the joint ICI plot, the mean ICI
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for each mouse was computed, and the xy-plane was
divided into four sections: the dots in Q1 represented final
CTCs in bursts; the dots in Q2 represented sporadic
CTCs; the dots in Q3 represented CTCs within bursts;
and the dots in Q4 represented initial CTCs in bursts.
Therefore, the dots in Q1, Q3, and Q4 were bursting
CTGCs, while the dots in Q2 were nonbursting CTCs.

Detection accuracy measurement
The mean deviation was computed as

|Ns — o]

Mean deviation = x 100% (3)

where o represents the mean count of CTCs in 30 min
and Ns is the CTC count in 1 min or 5 min of detection.
The coefficient of variation (CV) was computed as

Std
CV = (4)
mean

Statistical analyses

Statistical analyses were performed with GraphPad Prism.
Data were presented as the mean SEM. Circadian rhyth-
micity significance was evaluated by Cosinor analysis using
Metacycle®’, an R package. The differences in amplitude,
MESOR, and acrophase between the two groups were
compared using the Cosinor2 package®.

Acknowledgements

This work was supported by grants from the National Key Research and
Development Program of China (Grant No. 2019YFC1604604), the National
Science Fund for Distinguished Young Scholars (Grant No. 61425006), the SJTU
Medicine Engineering Interdisciplinary Research Fund (Grant No.
YG2017MS19), the Program of Shanghai Technology Research Leader (Grant
No. 17XD1402200), the Fundamental Research Funds for the Central
Universities, and the National Natural Science Foundation of China (Grant
No. 81661168014, 61975118 and 62075013).

Author details

'State Key Laboratory of Oncogenes and Related Genes, Shanghai Cancer
Institute, Med-X Research Institute and School of Biomedical Engineering,
Shanghai Jiao Tong University, 200030 Shanghai, China. “Biomedical
Pioneering Innovation Center, Peking University, 100871 Beijing, China. >School
of Life Sciences, Peking University, 100871 Beijing, China. “School of Instrument
Science and Optoelectronics Engineering, Beijing Information Science and
Technology University, 100192 Beijing, China. *Biomedical Engineering
Department, Peking University, 100081 Beijing, China. °Key Laboratory of
Carcinogenesis and Translational Research (Ministry of Education/Beijing),
Peking University Cancer Hospital and Institute, 100142 Beijing, China

Author contributions

XZ,Y.S, and XW. conceived and designed the research. KP. helped establish
the fluorescence in vivo flow cytometer. X.Z, F.Z, and CX. performed the
experiments. X.Z, Y.F, and N.D. processed images and analyzed the
experimental data and results. XW. and H.H. supervised the project. X.Z, Y.S,
M.T., and XW. wrote the manuscript. All the authors revised the manuscript.

Conflict of interest
The authors declare no competing interests.

Page 9 of 10

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41377-021-00542-5.

Received: 18 November 2020 Revised: 21 April 2021 Accepted: 21 April
2021
Published online: 28 May 2021

References

1. Pantel, K & Speicher, M. R. The biology of circulating tumor cells. Oncogene 35,
1216-1224 (2016).

2. Keller, L. & Pantel, K. Unravelling tumour heterogeneity by single-cell profiling
of circulating tumour cells. Nat. Rev. Cancer 19, 553-567 (2019).

3. Brown, H. K et al. Characterization of circulating tumor cells as a reflection of
the tumor heterogeneity: myth or reality? Drug Discov. Today 24, 763772
(2019).

4. Yu, W. C et al. Critical role of regulatory T cells in the latency and stress-
induced reactivation of HSV-1. Cell Rep. 25, 2379-2389 (2018). e3.

5. Cristofanilli, M. et al. Circulating tumor cells, disease progression, and survival in
metastatic breast cancer. N. Engl. J. Med. 351, 781-791 (2004).

6. Aiello, I. et al. Circadian disruption promotes tumor-immune microenviron-
ment remodeling favoring tumor cell proliferation. Sci. Adv. 6, eaaz4530 (2020).

7. Hadadi, E. et al. Chronic circadian disruption modulates breast cancer stem-
ness and immune microenvironment to drive metastasis in mice. Nat. Com-
mun. 11, 3193 (2020).

8. Papagiannakopoulos, T. et al. Circadian rhythm disruption promotes lung
tumorigenesis. Cell Metab. 24, 324-331 (2016).

9. Patke, A, Young, M. W. & Axelrod, S. Molecular mechanisms and physiological
importance of circadian rhythms. Nat. Rev. Mol. Cell Biol. 21, 67-84 (2020).

10. Masri, S. & Sassone-Corsi, P. The emerging link between cancer, metabolism,
and circadian rhythms. Nat. Med. 24, 1795-1803 (2018).

11, Sahar, S. & Sassone-Corsi, P. Metabolism and cancer. the circadian clock
connection. Nat. Rev. Cancer 9, 886-896 (2009).

12, Karabacak, N. M. et al. Microfluidic, marker-free isolation of circulating tumor
cells from blood samples. Nat. Protoc. 9, 694-710 (2014).

13. Habli, Z. et al. Circulating tumor cell detection technologies and clinical utility:
challenges and opportunities. Cancers 12, 1930 (2020).

14.  Andree, K. C, van Dalum, G. & Terstappen, L. W. M. M. Challenges in circulating
tumor cell detection by the CellSearch system. Mol. Oncol. 10, 395-407 (2016).

15. Kim, T. H. et al. A temporary indwelling intravascular aphaeretic system for
in vivo enrichment of circulating tumor cells. Nat. Commun. 10, 1478 (2019).

16.  Zhang, H. Y. et al. In vivo capture of circulating tumor cells based on trans-
fusion with a vein indwelling needle. ACS Appl Mater. Interfaces 7,
20477-20484 (2015).

17. Aceto, N. Fluctuating numbers of circulating tumor cells in cancer patients
and the meaning of zero counts. Oncotarget 10, 2658-2659 (2019).

18 Hartmann, C. et al. Fluorescence detection, enumeration and characterization
of single circulating cells in vivo: technology, applications and future pro-
spects. Phys. Med. Biol. 63, 01TRO1 (2017).

19. Novak, J. et al. In vivo flow cytometer for realtime detection and quantifi-
cation of circulating cells. Opt. Lett. 29, 77-79 (2004).

20.  Georgakoudi, I. et al. In vivo flow cytometry: a new method for enumerating
circulating cancer cells. Cancer Res. 64, 5044-5047 (2004).

21, Sipkins, D. A. et al. In vivo imaging of specialized bone marrow endothelial
microdomains for tumour engraftment. Nature 435, 969-973 (2005).

22. Fan, Z. C. et al. Realtime monitoring of rare circulating hepatocellular carci-
noma cells in an orthotopic model by in vivo flow cytometry assesses
resection on metastasis. Cancer Res. 72, 2683-2691 (2012).

23. Pang, K et al. Monitoring circulating prostate cancer cells by in vivo flow
cytometry assesses androgen deprivation therapy on metastasis. Cytom. Part A
93, 517-524 (2018).

24, Zhang, Y. J. et al. Activated platelets-targeting micelles with controlled drug
release for effective treatment of primary and metastatic triple negative breast
cancer. Adv. Funct. Mater. 29, 1806620 (2019).

25. Suo, Y. Z, Gu, Z Q. & Wei, X. B. Advances of in vivo flow cytometry on cancer
studies. Cytom. Part A 97, 15-23 (2020).

26. Suo, Y. Z et al. Proportion of circulating tumor cell clusters increases during
cancer metastasis. Cytom. Part A 91, 250-253 (2017).

27. Tibbe, A. G. J, Miller, M. C. & Terstappen, L. W. M. M. Statistical considerations
for enumeration of circulating tumor cells. Cytom. Part A 71A, 154-162 (2007).


https://doi.org/10.1038/s41377-021-00542-5

Zhu et al. Light: Science & Applications (2021)10:110

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Allard, W. J. et al. Tumor cells circulate in the peripheral blood of all major
carcinomas but not in healthy subjects or patients with nonmalignant dis-
eases. Clin. Cancer Res. 10, 6897-6904 (2004).

Nogueira, R, Lawrie, S. & Moreno-Bote, R. Neuronal variability as a proxy for
network state. Trends Neurosci. 41, 170-173 (2018).

Eden, U. T. & Kramer, M. A. Drawing inferences from Fano factor calculations. J.
Neurosci. Methods 190, 149-152 (2010).

Chen, L. et al. Detection of bursts in neuronal spike trains by the mean inter-
spike interval method. Prog. Nat. Sci. 19, 229-235 (2009).

Wu, G. et al. MetaCycle: an integrated R package to evaluate periodicity in
large scale data. Bioinformatics 32, 3351-3353 (2016).

Li, H. et al. Endogenous circadian time genes expressions in the liver of mice
under constant darkness. BMC Genomics 21, 224 (2020).

Druzd, D. et al. Lymphocyte circadian clocks control lymph node trafficking
and adaptive immune responses. Immunity 46, 120-132 (2017).
Méndez-Ferrer, S. et al. Haematopoietic stem cell release is regulated by
circadian oscillations. Nature 452, 442-447 (2008).

Godinho-Silva, C. et al. Light-entrained and brain-tuned circadian circuits
regulate ILC3s and gut homeostasis. Nature 574, 254-258 (2019).

Mutak, A. Cosinor2: Extended Tools for Cosinor Analysis of Rhythms. R package
version 0.2.1. (2018). https//github.com/amutak/cosinor2

Allan, A. L. & Keeney, M. Circulating tumor cell analysis: technical and statistical
considerations for application to the clinic. J. Oncol. 2010, 426218 (2010).
Liu, X. et al. Homophilic CD44 interactions mediate tumor cell aggregation
and polyclonal metastasis in patient-derived breast cancer models. Cancer
Discov. 9, 96-113 (2019).

Zharov, V. P. et al. Photoacoustic flow cytometry: principle and application for
real-time detection of circulating single nanoparticles, pathogens, and contrast
dyes in vivo. J. Biomed. Opt. 12, 051503 (2007).

Zharov, V. P. et al. In vivo photoacoustic flow cytometry for monitoring of
circulating single cancer cells and contrast agents. Opt. Lett. 31, 3623-3625
(2006).

Biris, A. S. et al. In vivo Raman flow cytometry for real-time detection of carbon
nanotube kinetics in lymph, blood, and tissues. J. Biomed. Opt. 14, 021006
(2009).

Saar, B. G. et al. Video-rate molecular imaging in vivo with stimulated Raman
scattering. Science 330, 1368-1370 (2010).

Tuchin, V. V, Tamok, A. & Zharov, V. P. In vivo flow cytometry: a horizon of
opportunities. Cytom. Part A 79A, 737-745 (2011).

Paiva, B. et al. Detailed characterization of multiple myeloma circulating tumor
cells shows unique phenotypic, cytogenetic, functional, and circadian dis-
tribution profile. Blood 122, 3591-3598 (2013).

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 10 of 10

Martin, M. et al. Circulating tumor cells in metastatic breast cancer:
timing of blood extraction for analysis. Anticancer Res. 29, 4185-4187
(2009).

Garcia-Sdenz, J. A. et al. Circulating tumoral cells lack circadian-rhythm in
hospitalized metastasic breast cancer patients. Clin. Transl. Oncol. 8, 826-829
(2006).

Dickmeis, T. Glucocorticoids and the circadian clock. J. Endocrinol 200, 3-22
(2009).

Obradovi, M. M. S. et al. Glucocorticoids promote breast cancer metastasis.
Nature 567, 540-544 (2019).

Roedel, A. et al. Effects of light or dark phase testing on behavioural and
cognitive performance in DBA mice. Lab. Anim. 40, 371-381 (2006).
Beersma, D. G. M. & Gordijn, M. C. M. Circadian control of the sleep-wake
cycle. Physiol. Behav. 90, 190-195 (2007).

Abbott, S. M, Reid, K. J. & Zee, P. C. Circadian rhythm sleep-wake disorders.
Psychiatr. Clin. North Am. 38, 805-823 (2015).

Potter, G. D. M. et al. Circadian rhythm and sleep disruption: causes,
metabolic consequences, and countermeasures. Endocr. Rev. 37, 584-608
(2016).

Juratli, M. A. et al. Real-time monitoring of circulating tumor cell release during
tumor manipulation using in vivo photoacoustic and fluorescent flow cyto-
metry. Head. Neck 36, 1207-1215 (2014).

Man, K, Loudon, A. & Chawla, A. Immunity around the clock. Science 354,
999-1003 (2016).

Scheiermann, C, Kunisaki, Y. & Frenette, P. S. Circadian control of the immune
system. Nat. Rev. Immunol. 13, 190-198 (2013).

Strilic, B. & Offermanns, S. Intravascular survival and extravasation of tumor
cells. Cancer Cell 32, 282-293 (2017).

Li, Y. et al. Impact of liver tumor percutaneous radiofrequency ablation on
circulating tumor cells. Oncol. Lett. 16, 2839-2850 (2018).

Mittal, V. Epithelial mesenchymal transition in tumor metastasis. Annu. Rev.
Pathol. 13, 395-412 (2018).

Bates, R. C. & Mercurio, A. M. Tumor necrosis factor-a stimulates the epithelial-
to-mesenchymal transition of human colonic organoids. Mol. Biol. Cell 14,
1790-1800 (2003).

Keller, M. et al. A circadian clock in macrophages controls inflammatory
immune responses. Proc. Natl Acad. Sci. USA 106, 21407-21412 (2009).

Lévi, F. et al. Circadian timing in cancer treatments. Annu. Rev. Pharmacol.
Toxicol. 50, 377-421 (2010).

Tao, L. et al. A common goodness-of-fit framework for neural population
models using marked point process time-rescaling. J. Comput. Neurosci. 45,
147-162 (2018).


https://github.com/amutak/cosinor2

	In vivo flow cytometry reveals a circadian rhythm of circulating tumor cells
	Introduction
	Results
	CTCs monitored by fluorescence IVFC were not distributed homogeneously in the circulation
	The probabilities of bursting activity were higher at the early stages
	CTC counts exhibited remarkable daily oscillations revealed by fluorescence IVFC
	Larger blood volume and multiple small samples improved CTC detection accuracy

	Discussion
	Materials and methods
	Cells and animal models
	Fluorescence IVFC
	Fluorescence IVFC data analyses
	Poisson process test
	Burst identification
	Detection accuracy measurement
	Statistical analyses

	Acknowledgements




