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ABSTRACT: Cell cycle is a significant factor toward cellular
heterogeneity, so cell cycle discrimination is a precise measurement
on the top of single-cell analysis. Single-cell analysis based on
organic mass spectrometry has received great attention for its
unique ability to profile single-cell metabolome, but the influence of
cell cycle on cellular metabolome heterogeneity has been
overlooked until now due to the lack of a compatible cell cycle
discrimination method. Here, we report a robust protocol based on
the combination of three small molecular indicators, consisting of
two small molecular labels (Hoechst and docetaxel) and one
cellular endogenous compound [phosphocholine (34:1)], to
discriminate single cells at different cycle stages in real time by
organic mass cytometry. More than 6000 HeLa cells were acquired
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by an improved organic mass cytometry system to build a cell cycle differentiation model. The model successfully discriminated
single HeLa cells, SCC7, and Hep G2 cells, at Go/G,, S, and G,/M stages with larger than 85% sensitivity and larger than 89%
specificity. Along with cell cycle discrimination, obvious heterogeneity of amino acids, nucleotides, energy metabolic intermediates,
and phospholipids was observed among single cells at different cycle stages by this protocol, further demonstrating the necessity of
cell cycle discrimination for cellular metabolome heterogeneity research and the potential of more endogenous small molecular

compounds for cell cycle discrimination.

B INTRODUCTION

Mass cytometry based on organic mass spectrometry (MS) is a
recently introduced technology for flow cytometric single-cell
analysis.' > It is uniquely positioned to measure single-cell
metabolome that lies in the most downstream of cellular
contents. Single-cell metabolome is considered as the most
direct indicator of cell activity.* Hundreds of metabolites in
single cells detected by organic mass cytometry exhibit obvious
differences in various cell subtypes and even more in the same
subtype of homologous cells.”>® Understanding cellular
metabolic heterogeneity and its causes are of great meaning
for the research of diseases and cell biology.

Among the contributing factors toward cellular hetero-
geneity, unsynchronized cycle of cells is one of the most
important factors that affect the homologous cell phenotypes
in the culture and leads to the drug-response, aging, and many
other heterogeneous behaviors.”* Homologous cells under the
mitotic phase (M phase), G, phase, G, phase, DNA synthesis
phase (S phase), or G, phase are significantly different from
intracellular active compounds to cellular morphology, and
information collected from known specific cell cycle stages is
undoubtedly more accurate than average results for disease and
cell biology research. Protocols based on cell cycle
synchronization before analysis have been employed to analyze
cell cycle-related pathways,” but the synchronization is time-
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consuming and might affect the biochemical pathways. Ideally,
the natural cell cycle stage needs to be identified in real time
for each cell with other cellular information during a high-
throughput cytometric analysis.'

Mass cytometry based on inductively coupled plasma MS
(ICP—MS) is an efficient technology for cell cycle discrim-
ination.""'* Protocols have been developed in which $-iodo-2-
deoxyuridine was utilized as an S phase indicator, simulta-
neously with antibodies against cyclin Bl, cyclin A,
phosphorylated histone H3 (S28), and phosphorylated
retinoblastoma protein (S807 and 811) for Gy, G;, G, and
M phases."> More than 40 parameter dimensions enable the
accurate identification of cell cycle phase with many other
intracellular parameters, such as differentiation, activation, and
exhaustion markers, to study cancers and other disorders."*
However, ICP-based mass cytometry is not suited to
metabolome measurement, while the protocols based on cell
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Figure 1. Schematic for cell cycle discrimination by organic mass cytometry. (A) Cell labeling with two types of small molecular indicators
(Hoechst33258/Hoechst33342 and docetaxel). (B) Single-cell detection by high-throughput organic mass cytometry. (C) Cell cycle discrimination
(Go/Gy, S, and G,/M stages) based on the signals of Hoechst, docetaxel, and endogenous phosphocholine (PC) (34:1) and preliminary metabolite

heterogeneity analysis at different cell cycle stages.

fixation and metal-tagged indicators mostly against proteins are
incompatible with metabolite labeling and organic mass
cytometry system.

Several robust real-time markers to indicate cell cycle stages,
represented by propidium iodide, 4',6-diamidino-2-phenyl-
indole and Hoechst dyes for DNA staining, have also been
developed in fluorescent flow cytometry analysis.'>~'" These
markers are DNA indicators that can resolve cells with 2n and
4n DNA content before and after S phase. However, their
protocols mainly contain cellular permeability operation that
causes cellular metabolite loss, and single DNA indicator is
always insufficient for accurate cycle stage discrimination.
Fluorescent ubiquitination-based cell-cycle indicator (Fucci)
and its variants have been developed to fuse with cell cycle-
related proteins to resolve four cell cycle stages,'® but they
require protein fusion that takes a long time and are difficult to
release during organic MS detection. Furthermore, fluores-
cence-based cellular metabolite detection is difficult because of
limited labels for metabolites and limited channels."”

In fact, metabolome difference among cell cycle stages is
mostly overlooked during cellular metabolome analysis due to
the lack of cell cycle indicators compatible with organic mass
cytometry. Because cellular metabolome is highly active,
indicators adapted to organic mass cytometry confront with
harsher rules than fluorescent flow cytometry and ICP-based
mass cytometry: (i) live-cell labeling, (ii) low toxicity and low
metabolic perturbation, (iii) highly efficient release/dissocia-
tion during ionization, (iv) high response in organic MS, and
(v) low signal interference from the biological matrix. Two
main directions can be taken into consideration to hunt for cell
cycle mass indicators in organic mass cytometry analysis. One
direction could be small molecules targeted to cellular contents
that significantly change in different cell cycle stages, such as
DNA and tubulin. In this regard, although fluorescence
techniques are limited in metabolite detection, many existing
small fluorescent molecular dyes with good cell membrane
penetration for live-cell staining are mass indicator candi-
dates.”””" The other direction is endogenous cellular
compounds detected in organic mass cytometry as endogenous
compounds with cell cycle difference could be natural
indicators to identify cell cycle phases.””

Here, we explore a combination of three small molecules,
including the Hoechst (HOE, small molecular DNA dyes), the
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docetaxel (DOC, a small molecular drug targeted to
polymerized tubulin), and phosphocholine (PC) (34:1) (a
cellular endogenous lipid), as mass indicators for real-time
discriminating single cells at different cycle stages (Figure 1A).
The cell cycle discrimination of single cells is conducted via a
high-throughput organic mass cytometry system. This system
is developed based on our previous online-lysis organic mass
cytometry,” and higher throughput to maintain more single-
cell acquisition is achieved in one test by the updated system
(Figure 1B). Main cell cycle stages, including G,/G;,, S, and
G,/M, are discriminated with the combined indicators and the
updated organic mass cytometry system (Figure 1C), and
cellular metabolome heterogeneity based on cell cycle subtypes
are further investigated. This work provides a simple and
efficient cell cycle discrimination protocol with small molecular
indicators as a prelude to accurate studies of single-cell cycle-
related metabolic activity.

B EXPERIMENTAL SECTION

Apparatus. An organic mass cytometry system was
established for high-throughput single-cell analysis based on
our previous work.”> The setup is shown in Figure SI1A. In
brief, an external syringe pump with a magnetic stirring device
was employed for injecting cells. The cell flow was then mixed
with two solvent flows inside the microcrosses. The outlet of
microcrosses was connected in turn to a flat-bottom fitting, a
stainless-steel adapter, and a nanoelectrospray (nESI) emitter
(Figure S1B). A piece of copper 2000-mesh filter with 6.5 ym
bores (G2000HS, Gilder Grids, UK) was placed in the flat-
bottom fitting for online cell lysis (Figure S1B inset). The
above setup was installed in the holder of Nanospray II Source
(AB SCIEX, USA) and placed in front of a commercial
QTRAP@4500 mass spectrometer (AB SCIEX, USA).

Cell Labeling and Organic Mass Cytometry Analysis.
The harvested cells, including synchronized cells and normal
cultured cells in 1 mL Dulbecco’s phosphate-buffered saline
(DPBS) with a concentration of 10° cells/mL, were labeled by
HOE33258 (or HOE33342) and DOC. The optimal final
concentrations of HOE33342, HOE33258, and DOC were 15
pug/mL, 25 pug/mL, and 600 ng/mL, respectively. The cell
suspension with DOC was incubated in dark at 37 °C for §
min with gentle shaking followed by the addition of
HOE33258 (or HOE33342) and incubated for 5 min more.
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Figure 2. (A) Extracted ion chromatogram (XIC) of PC(34:1) (m/z 760.7/184.0 Da) for the detection of ~2 X 10*/mL cells with the naked 2000-
mesh filter (cell suspension, 1 #L/min; methanol, 4 4L/min). (B) Single-cell signal variability of HOE33258 (m/z 425.3/326.1 Da) and DOC (m/
2 830.4/204.1 Da) in HeLa cells at four synchronized cycle stages (G,/Gy, G, S, and G,/M). 2n: the theoretical 2n DNA contents; 4n (100%): the
theoretical highest 4n DNA contents. (C) Average HOE33258 and DOC signal abundance in HeLa cells at four synchronized cycle stages. Error
bars: One standard deviation for about 1500 single-cell peak areas. Four groups of average signal abundance in HeLa cells at four synchronized
cycle stages were compared with each other by TTEST (**: P value < 0.01).

Cells were then washed with DPBS three times and finally
resuspended in ammonium formate aqueous solution (140
mmol/L, pH 7.3).

For organic mass cytometry analysis, multiple reaction
monitoring (MRM), full scan (Q1), and product ion (MS2)
modes were employed under optimal parameters (Table S1).
For the MRM mode, cell suspensions (about 2 X 10*/mL)
were injected with a flow rate of 1 yL/min, and methanol with
internal standard (IS) (36 nmol/L rhodamine B) was injected

simultaneously as online extraction solvent with a flow rate of 4
puL/min. Twenty precursor ion/product ion pairs of labeling
reagents, cellular lipids, and IS were monitored in MRM
(Table S2). For Q1 and MS2 modes, cell suspensions were
further diluted by ammonium formate aqueous solution to
5000 cells/mL with the same flow rate and extraction solvent
as the MRM mode.

Single-Cell Data Analysis. Data analysis was conducted
with Analyst software (version 1.6.3). For the MRM mode, the
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signals of HOE33258 (m/z 425.3/326.1 Da), HOE33342 (m/
z 453.4/396.1 Da), DOC (m/z 830.4/549.1 Da), and
PC(34:1) (m/z 760.7/184.0 Da) were calibrated with IS
(m/z 443.2/399.2 Da) to obtain calibrated single-cell peak
areas for semi-quantification. The single-cell peaks were
filtrated by PC(34:1) signals as PC(34:1) signals below 30%
or larger than three times of the mean value were excluded to
avoid cell debris or clusters. For synchronized cells, pulse-like
signals out of 95% confidence interval around the mean value
were excluded to avoid unsynchronized cells.

For metabolite-related analysis in Q1 and MS2 modes, mass
spectra were first recorded from the single-cell peaks in the Q1
mode. Potential metabolite signals in the Q1 mode were then
analyzed in MS2 modes. The precursor and product ions were
referred to human metabolome database (HMDB) for
metabolite assignment. The single-cell peak areas of assigned
metabolites, HOE33258 and DOC in Ql mode, were
calibrated with IS (m/z 4432 + 0.3 Da) for semi-
quantification. Abundance of precursor ions for HOE33258,
DOC, and PC(34:1) in the Q1 mode were corrected with the
abundance of their precursor ion/product ion pairs in the
MRM mode for cell cycle discrimination.

The cell clusters for different cell cycle stages were visualized
by the principal component analysis (PCA) (SIMCA 14.1).
The cell cycle discrimination ability of different indicator data
sets was evaluated by the hierarchical clustering analysis
(Ward’s method, square Euclidean distance; SPSS 23).

B RESULTS AND DISCUSSION

High-Throughput Single-Cell Screening by Organic
Mass Cytometry. Flow cytometric mode is a breakthrough
progress to organic MS techniques for single-cell analysis with
dozens of cells per minutes to acquire statistically significant
data."” Our previous work has established an online-lysis mass
cytometry system with a nanostructure-decorated filter to
further enhance the signal response of intracellular and
intranuclear compounds by deep cell lysis.”> However, the
nanostructures on the filter for cell rupture have inevitable
contamination that requires washing after a period of detection
(about 20 min), and the deep cell lysis causes the long signal
duration for each cell (about 7 s). Therefore, only about 100
cells can be acquired in one sample, which is still looking
forward to continuous high throughput.

In this work, we explored the naked small-bore filter to
improve the throughput of online-lysis organic mass cytometry
system for single continuous test. The naked 2000-mesh filter
with 6.5 um bores has well acceptable cell lysis degree of an
average eightfold signal enhancement of intracellular and
intranuclear signals compared with no filter.”* Here, the naked
filter further presented its advantage for long-period con-
tinuous detection compared with sharp-nanostructure-deco-
rated filter. We continuously performed organic mass
cytometry for the mixture of HOE33258 labeled cells and
unlabeled cells for about 60 min with naked 2000-mesh filter.
The filter remained its complete mesh structure with few
sample contaminations after analysis (Figure S2). The signal of
HOE33258 had no signal residue to the unlabeled cells using
PC(34:1) to display single-cell peaks during a 60 min detection
period (Figure S3), demonstrating the low sample contami-
nation and long useful life as well as acceptable single-cell
sensitivity of naked 2000-mesh filter.

We also employed high flow rate to further improve the cell
throughput. The total flow rate was investigated from 1 to 7
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#L/min with a constant optimal solvent proportion of 80%
(Figure S4). The moderate flow rate of 3 yL/min gave the
highest single-cell peak areas based on the accumulated signal
of PC(34:1) and HOE33258 with about 6 s single-cell
duration (Figure SS). Although the cell signals were slightly
lower at the flow rate of 4 or § yL/min, S yuL/min led to the
increased throughput to more than 10 cells/min. In addition,
the short single-cell duration of 1.8 s at a total flow rate of 5
puL/min could afford a higher throughput to about 20 cells/
min with the injecting cell concentration of 2 X 10* cells/mL.
Higher flow rate of 7 yL/min caused poor signal-to-noise ratio
(S/N) and single-cell distinction because of the decreased
single cell sensitivity (Figure SS). Comprehensively consider-
ing the signal intensity and throughput, a total flow rate of §
pL/min was finally adopted for further analysis, achieving a cell
throughput of about 20 cells/min (Figure 2A) for the MRM
mode.

The cellular state during detection was investigated to
ensure the valid cytometric acquisition time. The cell activity
in the organic-MS-compatible ammonium formate aqueous
solution (140 mmol/L, pH 7.3) was tested in a period from 10
to 60 min. The cell viability decreased to less than 85% after
the cells were suspended in ammonium formate solution for
more than 30 min (Figure S6A). The leakage of cell content
was another problem after long-period detection. The
background signals of HOE33258 and PC(34:1) increased
rapidly after 30 min continuous detection (Figure S6B), and
the S/N ratios of single-cell peaks obviously decreased after 30
min (Figure S7). As a result, the first 30 min acquired cell
information is more reliable although the long useful life filter
and high flow rate ensured a long-period cell detection up to
60 min. Thus, a total 30 min detection time was employed, and
about 600 single-cell data could be acquired under the optimal
condition, which was 10 times more than our previous work.”®

The repeatability of the organic mass cytometry system was
demonstrated by comparing parallel samples from repeated
detections. There was no distinction among three parallel cell
samples detected with the same filter (Figure S8A). The
commercial mesh filters were replaceable and ensured good
batch repeatability. Three parallel samples also had no
distinction using three filters taken at random (Figure S8B).
Good repeatability further improved the applicability of the
organic mass cytometry system for cell biology application.

Cell Cycle Indicating by Small Molecular Labels. Small
molecular indicators have better compatibility with organic MS
than metal-based indicators.”* However, small molecular
indicators are difficult to find an effective intracellular target.
On-demand dissociation of indicators is another problem
during the ionization of organic MS analysis. DNA and tubulin,
which have the most direct correlation with cell cycle,” were
focused as the targets of indicators, and some commercial
DNA dyes and tubulin-related drugs were extended as mass
indicators for cell cycle indicating.

HOE reagents are a series of popular DNA fluorescent dyes
that can embed in the minor grooves of double-strand DNA.*®
HOE can penetrate living cell membranes, so they are
generally applied for living cell labeling and have low toxicity
for cells at the pg/mL level during a few minutes. The non-
covalent bonding between HOE and DNA is convenient for
dissociation during MS detection, and the HOE structures
have permanent positive charges, making these molecules
easily generate high MS response.

https://doi.org/10.1021/acs.analchem.2c04165
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Representative HOE, HOE33258, was first tested for living
cell labeling and organic mass cytometry detection. As a
prerequisite for MS detection, we demonstrated that the
calibrated signal intensities of HOE33258 were linear with
their concentrations in cell lysis matrix with low matrix
interference (Figure S9A and Table S3). Then, the labeling
conditions adapted to MS analysis were investigated.
Concentration from 1 to 30 ug/mL was tested for cell
labeling, and the incubation time was optimized from 5 to 20
min. HOE33258 reached the highest S/N with the incubation
concentration of 25 pug/mL (Figure S10A), and S min
incubation time was enough to label cells to achieve the
highest S/N (Figure S10B).

The HOE33258 signals among different cell cycle stages
were focused to investigate their ability for cycle stage
discrimination. For clear comparison, HeLa cells were
synchronized to specific cycle stages (G,/Gy, late Gy, S, and
G,/M). The synchronized cells were demonstrated by
microscope observation and fluorescent flow cytometry.
Most G,/M cells showed obvious morphological changes
(Figure S11) conforming to the mitosis characteristic.”” The
fluorescent flow cytometry further validated the nearly multiple
increases of HOE33258 signals from Gy/G; and S to G,/M
cells corresponding to theoretically 2n, 2n—4n, and 4n DNA
contents in these stages, respectively (Figure S12).

For organic mass cytometry analysis, the HOE33258 signals
also presented gradual increase for single cells from G,/G, and
S to G,/M stages (Figure 2B,C), and most Go/G; cells and S
cells had the 2n and 2n—4n quantitative relationship. However,
only a part of G,/M cells displayed nearly 4n abundance, while
most G,/M phase cells were more than the double of G,/G,
signals (Figure 2B). It is hard to understand the results in term
of original DNA content. We tried to find explanation from
other cell cycle characteristics. The nuclear membrane was
found ruptured when cells entered the M phase (Figure S13A),
so the disappeared nuclear membrane could lead to a higher
release efficiency of HOE33258 during online cell lysis and
extraction. With the help of efficient release, the intensities of
HOE33258 for M phases could have higher response larger
than 4n, and the normal 4n cells were probable to be G, cells
that still had intact nuclear membranes. These signal
differences were unique based on the online-lysis organic
mass cytometry system, and had potential to resolve G, and M
cells with the same DNA content. Cells with more than fivefold
HOE33258 abundance than G,/G;, cells were mainly apoptotic
cells without membrane barrier,”® which were excluded for
further analysis to guarantee the accuracy of single-cell data.
Another HOE dye, HOE33342 displayed similar results for cell
cycle discrimination as HOE33258 (Figure S14) with optimal
conditions (Figure S10), indicating the potential of all HOE
dye series for organic mass cytometric use.

The HOE differentiation in different cycle stages was
verified by high performance liquid chromatography (HPLC)-
MS/MS based on a large amount of cells (Tables S4 and S5
and Figure S15). In addition, two cell extraction approaches,
including fast vortex extraction and deep ultrasonication
extraction were compared to simulate the online single-cell
extraction and extraction after cell lysis, respectively (Figure
S15). Higher HOE response was obtained after deep
ultrasonication extraction compared to fast vortex extraction
for Go/G, and S stage cells, while the increasing for G,/M
stage cells was not in high degree. The HPLC-MS/MS results
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illustrated the easy release of HOE in G,/M stage cells due to
the lack of nuclear membrane in M cells.

Docetaxel, a commonly used chemotherapy drug, is targeted
to polymerized tubulin with non-covalent bonding.”” It has
been used as the microtubule markers during the fluorescent
imaging of microtubule when docetaxel is coupled with
fluorophores.”® Here, we tried to expend it as a mass marker
to indicate the cellular microtubule content. The docetaxel
signal can be directly used as the indicator because there is no
interference from endogenous signals against the semi-
quantification of docetaxel in cell lysis extract (Figure S9B).

The incubation concentration and time of DOC as a mass
indicator for cell labeling were systematically optimized.
Relative low concentration and short time were preferred to
make the labeling process highly efficient and low cellular
perturbation. The concentration was optimized from 100 to
800 ng/mL with an incubation time from 5 to 30 min. The S/
N of DOC achieved the highest after the incubation of 600 ng/
mL DOC for 10 min (Figure S16).

With the optimal condition, the Gy/G,;/S phase cells
presented similar response of DOC, while G,/M cells achieved
the highest intensities (more than twofold larger than G,/G,/S
phase cells) (Figure 2B,C). High DOC response in the G,
phase could be attributed to the large amount of tubulin that
synthesized and polymerized in this phase to form spindle for
mitosis.”’ The signal trends among four cell cycle stages were
verified in a large number of cells by HPLC-MS/MS (Figure
S17) and fluorescent flow cytometry with commercial dye
based on docetaxel (Figure S18). The results further proved
the highest intensities of DOC-related reagents in G,/M cells.

The HOE and DOC indicators were then combined for cell
labeling, and the cytotoxicity of the combined indicators was
evaluated by cell viability. The simultaneous labeling by the
two indicators was low cytotoxicity because the labeled cells
maintained more than 90% cell viability after 10 min labeling
(Figure S19A). The labeled cells could further maintain more
than 85% viability during the 30 min suspending in ammonium
formate solution after labeling, covering the whole MS
detection period (Figure S19B). In addition, HOE and DOC
labeled cells almost had no distinction in cellular content
compared with unlabeled cells, demonstrating the little
perturbation of labels for cellular metabolism (Figure S20B).
The single-cell signals of HOE and DOC also presented good
stability during the 30 min MS detection (Figure S20A).
Therefore, the HOE and DOC were qualified to be cell cycle
indicators for organic mass cytometry and provided high
chance to distinguish different cell cycle stages.

However, single HOE, single DOC, and combined HOE
and DOC all resulted in poor sensitivity (<75.5%), especially
between G,/G; and S stages (Table S6 and Figure S21).
Combination of more indicators was then considered to
achieve more accurate discrimination.

Endogenous Indicators for Cell Cycle Discrimination.
Lipids, the cellular endogenous compounds, were investigated
as assistant cell cycle indicators. Lipids are the most detectable
compounds by organic mass cytometry in single cells and
closely associated with cellular morphology, viability, and
activity.”*> We investigated the lipid variation among different
cell cycles based on PC(34:1) that was the representative lipid
with the highest response in single cells. An obvious increase of
PC(34:1) intensity was observed from the G, phase to S phase,
and the cells under G,/M phase also presented a small increase
in PC(34:1) (Figure 3A,B). The trends of PC(34:1) in these
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Figure 3. (A) Single-cell signal variability of PC(34:1) (m/z 760.7/184.0 Da) for HeLa cells at four synchronized cycle stages (Go/G,, Gy, S, and
G,/M). (B) Average PC(34:1) signal abundance in HeLa cells at four synchronized cycle stages. Error bars: One standard deviation for about 1500
single-cell peak areas. Four groups of average signal abundance in HeLa cells at four synchronized cycle stages were compared with each other by
TTEST (**: P < 0.01). (C) PCA of HeLa cells under synchronized cycle phases [Gy/G(G,), S, and G,/M] based on HOE33258, DOC, and
PC(34:1) [R2X[1] = 0.729, R2X[2] = 0.197, summarized percent of variation explanation: 92.6%, noise removed: 7.4%].

cell cycle semi-quantified by HPLC-MS with cell populations
were consistent with the increase trends from G,/G; to G,/M
phase (Figure $22).

Factors for the increase of PC(34:1) in different cycle stages
were discussed. We first considered the reason based on cell
size. For many types of mammalian cells, such as CHO cells
and K562 human erythroleukemia cells, the G,/G, and early S
cells are smaller than the middle/late S and G,/M cells.*”> We
measured the HeLa cell size of different cycle stages, and found
that S and G,/M cells gave larger diameter than G,/G;, cells by
12.3 and 21.1% (Figure S13). The size of nucleus also became
larger along with the DNA synthesis process under the S phase,
and the nuclear membrane ruptured in M phase. The larger
size of cells and nuclear of S and G,/M cells suggested the
increase of PC(34:1) content at these cycle stages. There could
be another reason for the high PC(34:1) signal based on the
size-dependent lysis degree and signal response via organic
mass cytometry. The larger size of cells and nucleus could
result in the more efficient lysis to achieve a higher response of
cellular compounds. Lipids in larger cells and nucleus had
increased amount and were more efficiently lysed, both
contributing to the increase of PC(34:1) signals from G,/G,
to G,/M. Therefore, the signal of PC(34:1) could be
employed as an endogenous indicator for cell cycle
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discrimination, and made great contribution to discriminating
the Gy/G; and S cells.

Combined Indicators for Cell Cycle Discrimination.
The differentiations of three indicators [HOE, docetaxel and
PC (34:1)] among different cell cycle phases were finally
combined to distinguish and identify the main cycle stages of
HeLa cells. The information of more than 6000 cells belonging
to four synchronized cell cycle stages were acquired to
establish the cell cycle discrimination model. The Gy/G,
phases and late G, phase cells had no distinction in PCA
(Figure S23) because the cells in these phase were similar in
most cell behaviors, such as the DNA and tubulin contents and
cell cellular morphology. Thus, these two groups were
considered as one stage.

Finally, three cell cycle stages, Go/G,(G;), S, and G,/M,
were successfully distinguished by the three combined
indicators (Figure 3C). The average sensitivity and specificity
were significantly improved to about 85% and larger than 90%,
respectively (Table S6). Both HOE33342 and HOE33258
were efficient for the cell cycle differentiation, and the
HOE33258 presented a little bit higher sensitivity and
specificity than HOE33342 (Table S6). Therefore, the
combination of HOE33258, DOC, and PC(34:1) was
preferred to as the final cell cycle indicators adapted to organic
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Figure 4. (A) Heatmap of the single HeLa cell endogenous compounds (44 signals assigned to cellular metabolites within m/z 100—1000 Da) at
three cell cycle stages (G,/Gy, S, and G,/M). (B) Average abundance of 10 assigned signals in single HeLa cells at three cell cycle stages (Go/Gy, S,
and G,/M). Error bars: One standard deviation for about 150 single-cell peak areas.

mass cytometry analysis. This discrimination degree was
sufficient for many cell biology research based on specific
cell cycles, such as the drug-induced cell proliferation
perturbation (S and G,/M stages), and cell apoptosis/
autophagy (G, and G, stages).”*>° Moreover, the G,/M
and S stage cells displayed multiple potential subtype clusters
in PCA analysis after hierarchical clustering (Figures $24, S25,
and S25). The subtypes in G,/M stages were high probable to
be G, and M according their differences in HOE abundance,
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and subtype in S stage might be some intra S stages,’’
indicating a high potential of organic mass cytometry for finer
cycle discrimination.

The feasibility and versatility of the cell cycle discrimination
model based on HeLa cells were investigated by expanding this
model to other cell lines. Two cell lines, including SCC7 cells
belonging to mouse squamous cell carcinoma cell line and Hep
G2 cells belonging to human liver cancer cell line, were
analyzed following the same protocol as HeLa cells. The results
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demonstrated that SCC7 cells and Hep G2 cells presented
similar signal trends of indicators as HeLa cells for different cell
cycle stages (Figure S26). Although the signal abundance
values of three indicators in three cell types were different
(Figure S27), these values could be unified by using correction
factors. For SCC7 cells, correction factors as 0.914, 0.769, and
0.871 were used for HOE33258, DOC, and PC(34:1),
respectively. For Hep G2 cells, correction factors as 0.996,
0.702, and 0.766 were used for HOE33258, DOC, and PC,
respectively. After using correction factors, the HeLa cell cycle
discrimination model was successfully expanded to SCC7 cells
and Hep G2 cells (Figure S28), achieving large than 87%
sensitivity and larger than 89% specificity (Table S7). These
results demonstrated that this protocol had high feasibility and
versatility for cell cycle discrimination of different types of cells.

The regular unsynchronized HeLa cells were tested to
further verify the identification of unknown cell cycle stages by
this protocol. Nine groups of normal cultured HeLa cells were
harvested at three different growth periods (8, 16, and 24 h).
As a result, each unknown HeLa cell among huge cell
populations was efficiently assigned to different cell cycle
stages in real time (Figure S29). The cell proportions
presented high amount of S, G,, and M stage cells after 16 h
growth, and the largest amount of G,/G; cells at 8 and 24 h
(Table S8). Compared to the 24 h doubling time of HeLa cells
(about 12 h in G, stage, 8 hin S stage, 2 h in G, stage, and 1 h
in M stage)*® and fluorescent flow cytometry results (Figure
S30 and Table S8), the protocol based on three combined
indicators and organic mass cytometry presented high
reliability for real-time cell cycle identification, and it was the
basis for metabolome heterogeneity analysis in special cycle
stages.

Metabolite Heterogeneity Based on Cell Cycle
Subtypes. The nearly unfettered detectable channels of
organic mass cytometry have the ability for simultaneous
acquisition of abundant cellular endogenous small molecules
with cell cycle indicators (Table S9). To this point, a
preliminary untargeted scan (m/z 100—1000 Da) of intra-
cellular small molecules in single cells was performed with
indicators to study metabolite heterogeneity in single cells with
specific cycle stages. About 44 signals were preliminarily
assigned as cellular metabolites, including amino acids,
nucleotides, energy metabolic intermediates, and phospholi-
pids, based on their fragment ions in the MS2 mode in single
HeLa cells (Table S10).

Many of these assigned signals in single HeLa cells presented
obvious heterogeneity at different cell cycle stages (G,/Gy, S,
and G,/M) (Figure 4A). Among these heterogeneous signals,
m/z 148.1 (assigned to glutamic acid), m/z 188.1 (assigned to
3-indoleacrylic acid), m/z 268.1 (assigned to adenosine), and
many phospholipids displayed obvious increase in S and G,/M
stages compared with G,/G; stages (Figure 4B), might
indicating a more active state and morphologic change of
cells in S and G,/M stages. All these differences in metabolites
among cell cycle stages demonstrate the necessity of cell cycle
identification with metabolome analysis. Our protocol provides
the opportunity to investigate the metabolic pathways based on
a more meticulous cell sub-groups and build relationships
between metabolic pathways with cell cycle stages.

On the other hand, the large natural heterogeneous
intracellular compounds are all endogenous candidates to be
cell cycle mass indicators. Based on these assigned metabolite
signals, the main three cell cycle stages were also successfully
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discriminated (Figure S31). After further identification and
verification of intracellular compounds, more endogenous
heterogeneous indicators could be employed to achieve more
accurate and fine cell cycle discrimination.

Bl CONCLUSIONS

In summary, we have developed a simple and efficient protocol
for cell cycle discrimination and identification using a
combination of three small molecular indicators, including
exogenous labels (HOE and DOC) and endogenous
PC(34:1). These small molecular indicators not only have
high compatibility with organic mass cytometry analysis but
also give the advantages of low toxicity and low metabolic
perturbation for living-cell labeling, high sensitivity for single-
cell detection, and obvious signal differentiation for cell cycle
discrimination. More than 6000 HeLa cells have been acquired
via the developed high-throughput organic mass cytometry
system to establish a large single-cell database for cycle
discrimination. Main cell cycles, including the G,/Gy, S, and
G,/M phases, have been discriminated with high sensitivity
and specificity, and the discrimination model based on HeLa
cells has been expanded to other cell lines. Preliminary
metabolome heterogeneity has been observed among cells at
specific stages, demonstrating the necessity of cell cycle
discrimination during single-cell analysis. New perspectives
have been proposed to discover more endogenous indicators
and employ high resolution and high-throughput MS for the
analysis of single-cell metabolome and metabolic pathways
within the more precise cell cycle subtypes.
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