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Enzymes in glucose metabolism have been subjected to numerous studies, revealing the importance of their biological
roles during the cell cycle. However, due to the lack of viable experimental strategies for measuring enzymatic activities particularly in
living human cells, it has been challenging to address whether their enzymatic activities and thus anticipated glucose flux are directly
associated with cell cycle progression. It has remained largely elusive how human cells regulate glucose metabolism at a subcellular
level to meet the metabolic demands during the cell cycle. Meanwhile, we have characterized that rate-determining enzymes in
glucose metabolism are spatially organized into three different sizes of multienzyme metabolic assemblies, termed glucosomes, to
regulate the glucose flux between energy metabolism and building block biosynthesis. In this work, we first determined using cell
synchronization and flow cytometric techniques that enhanced green fluorescent protein-tagged phosphofructokinase is adequate as
an intracellular biomarker to evaluate the state of glucose metabolism during the cell cycle. We then applied fluorescence single-cell
imaging strategies and discovered that the percentage of Hs578T cells showing small-sized glucosomes is drastically changed during
the cell cycle, whereas the percentage of cells with medium-sized glucosomes is significantly elevated only in the G1 phase, but the
percentage of cells showing large-sized glucosomes is barely or minimally altered along the cell cycle. Should we consider our
previous localization—function studies that showed assembly size-dependent metabolic roles of glucosomes, this work strongly
suggests that glucosome sizes are modulated during the cell cycle to regulate glucose flux between glycolysis and building block
biosynthesis. Therefore, we propose the size-specific modulation of glucosomes as a behind-the-scenes mechanism that may explain
functional association of glucose metabolism with the cell cycle and, thereby, their metabolic significance in human cell biology.

Cell Cycle, Glucose Metabolism, Metabolic Adaptation, Glycolysis, Multienzyme Assembly, Fluorescence Live-Cell Imaging,
Cancer Cell Metabolism

remained mostly elusive how multicellular eukaryotic cells,
particularly human cells, regulate metabolic pathways to meet
such metabolic demands during the cell cycle.”®
Nevertheless, metabolic interplays between enzymes in
glucose metabolism and the cell cycle in human cells have
been gradually disclosed.”"® For instance, the expression of
hexokinase 2 in human epithelial type 2 cells and cancer-

Metabolism undergoes dynamic changes during the cell cycle
to provide energy and building blocks for a cell to duplicate
and divide.'~* Based on extensive studies from yeast and
unicellular eukaryotic cells,” glucose metabolism, particularly
glycolysis and the pentose phosphate pathway (PPP), is
upregulated during the G1 phase. Their metabolic activities
remain high during the S phase to support DNA replication.

However, when DNA replication is completed in the G2 phase, June 9, 2023 BIOXMED ™
glucose metabolism decreases to basal levels. At the same time, July 26, 2023 PR N
protein and lipid biosynthesis are promoted during the G2 July 26, 2023

phase. During mitosis, then, a cell divides into two daughter August 8, 2023

cells. The life cycle of eukaryotic cells continues as described
when daughter cells reenter the cell cycle. However, it has
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Figure 1. Small molecule-promoted cell synchronization with and without the expression of a glucosome marker in HsS78T cells. (A) Schematic
diagram showing how small molecule-promoted cell synchronization is achieved during the cell cycle. (B, C) Population (%) changes of HsS78T
cells at each phase of the cell cycle in the presence of a cell cycle inhibitor (i.e., lovastatin (blue, 40 uM), thymidine (green, 2 mM), and colchicine
(blaCkl 100 nM)) without (Bl Ncontrol = 6) Nlovastatin = 4) Nthymidine = 41 Ncolchicine = 4) and with (Cl Ncontrol = 9) Nlovastatin = 3) Nthymidine = 31 Ncolchicine =
4) the expression of PFKL-mEGFP as a glucosome marker. Statistical analyses were performed using two-way ANOVA and Tukey’s multiple
comparison tests. Error bars represents standard deviations. Statistical significance is defined as p < 0.05 with a 95% confidence interval while n.s.
refers to not significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

associated fibroblasts was upregulated during the G1 phase.”* metabolism, including fructose-1,6-bisphosphatase, pyruvate
The expression level of 6-phosphofructo-2-kinase/fructose-1,6- kinase, and phosphoenolpyruvate carboxykinase 1."> Due to
bisphosphatase isoform 3 (PFKFB3), whose activity enables the heterogeneity of the observed sizes of the glucosomes
allosteric activation of phosphofructokinase 1 (PFK) for under fluorescence single-cell microscopy, we have subse-
glycolysis, was also increased in the late G1 but decreased in quently categorized them into three subclasses for their
the early S phase in human embryonic kidney cells, human functional characterization (ie., small, medium-, and large-
breast cancer cells (MDA-MB-231 and MCF7), neuroblastoma sized glucosomes).15 Briefly, small-sized glucosomes are
cells (SHSY-5Y), and human cervical cancer cells (HeLa).””"* defined as having less than our calculated area of a point
However, other than their expression levels, no enzymatic spread function for the emission of monomeric enhanced
activities of these and other enzymes in glycolysis or their green fluorescent protein (mEGFP) (i.e., ~0.1 yum?). Medium-
impacts on glycolytic flux have been directly measured yet sized glucosomes are then defined as having larger than 0.1
from human cells to link their functional participation in the um® but less than 3 um? size. The 3 um’ cutoff is
cell cycle. Nonetheless, changes of enzymatic activity of experimentally determined based on our observation that
glucose-6-phosphate dehydrogenase and its impact on glucose noncancerous human cell lines we have tested do not display
shunt to the PPP were measured, demonstrating the glucosomes that are larger than 3 um® in our growth
promotion of the PPP during the late G1 and the early S conditions. Accordingly, large-sized glucosomes are defined
phase of the cell cycle in human colon adenocarcinoma cells to range from 3 ym”® to 8 um? which we have seen in various
(HT29)."'* Otherwise, we barely understand how the human cancer cell lines."” Nevertheless, when fluorescent
intracellular activities of metabolic enzymes in glucose granules display larger size than 8 ym? at single-cell levels, we
metabolism are functionally associated with governing the have found that such aggregates are primarily composed of an
glucose flux during the cell cycle. immobile fraction of transfected enzymes and importantly their
Meanwhile, we have identified that human liver-type formation is apparently nonspecific to the identity of
phosphofructokinase 1 (PFKL) spatially forms various sizes transfected enzymes.'*'® Fluorescent aggregates larger than 8
of a cytoplasmic metabolic assembly, namely, the glucosome, um’ in size are not classified as glucosomes in our work. At the
and recruits at least three rate-determining enzymes in glucose same time, others have also detected various sizes of spatial
462 https://doi.org/10.1021/acsbiomedchemau.3c00037
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assemblies of human PFKL, for example, in HepG2 cells by
immunostaining'” as well as in transiently transfected rat breast
cancer cells under fluorescence live-cell imaging,18 although
these studies did not include other enzymes involved in
glucose metabolism. Importantly, our localization—function
studies primarily using high-content live-cell imaging as-
19 as well as mathematical modeling analysis™® have
strongly suggested that small-sized glucosomes are responsible
for regulating glycolysis whereas medium- and large-sized
glucosomes shunt glucose flux preferentially into the PPP and
serine biosynthesis, respectively. Therefore, we envision that
glucosomes would be functionally associated with various
biological processes, including the cell cycle, in human cells.
In this work, we investigated whether human cells modulate
the size of glucosome assemblies at a subcellular level during
the cell cycle by employing fluorescence live-cell imaging along
with cell synchronization and flow cytometry. To begin with,
we determined that transient introduction of PEKL-mEGEFP as
a glucosome marker to human triple-negative breast carcinoma
Hs578T cells shows no significant influence on cell cycle
progression and small molecule-mediated cell cycle synchro-
nization. Then, our in-depth single-cell analyses have revealed
that the percentage of cells displaying small-sized glucosomes
is drastically changed during the cell cycle, whereas the
percentage of cells showing medium-sized glucosomes is
significantly elevated only in the G1 phase, but the percentage
of cells exhibiting large-sized glucosomes is barely or minimally
altered along the cell cycle. Taking into account of our
previous localization—function studies that showed assembly
size-dependent metabolic roles of glucosomes,' """ this work
reinforces the current understanding of metabolic demands at
the G1 phase (i.e., the upregulation of glycolysis and the PPP).
At the same time, this work suggests previously unrecognized
metabolic demands at the G2 phase, involving the down-
regulation of glycolysis but a relatively sustained glucose flux
into the PPP and serine biosynthesis. Collectively, our single-
cell analyses provide strong evidence that glucosome sizes are
dynamically modulated during the cell cycle in a size-specific
manner, inferring the metabolic significance of glucosomes and
their dynamics in human cell biology.

Recent studies have implicated phosphofructokinase as a
scaffolder of a multienzyme metabolic assembly for glucose
metabolism in eukaryotic cells.">'”'® Likewise, we have been
using mEGFP-tagged human PFKL as an intracellular
biomarker for glucosomes in living human cells.'">"*~** In
this work, we started carrying out flow cytometry-assisted cell
cycle analysis with asynchronized human HsS78T cells with
and without the expression of PEKL-mEGFP. Our histogram
analysis of asynchronous HsS78T cells showed that the
percentage of cells in each phase of the cell cycle was
statistically unchanged in the presence of PFKL-mEGFP
(Supplemental Figure S1). Apparently, the expression of
PFKL-mEGFP did not alter or negatively influence the overall
distribution of HsS78T cells among the phases of the cell cycle.
Therefore, we determined that subcellular dynamics of PFKL-
mEGFP in living human cells would be adequate as an
intracellular glucosome marker to investigate the state of
glucose metabolism during the cell cycle.

463

We then investigated the cell cycle-dependent distribution of
small molecule-treated Hs578T cells with and without a
glucosome marker, PFKL-mEGFP (Figure 1). Note that we
have previously demonstrated that >98% HsS78T cells show
glucosomes when they are transfected with PEKL-mEGFP in
our culture conditions."

First, we treated HsS78T cells with lovastatin (40 uM),
which is known to arrest cells in the G1 phase through the
inhibition of 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase (Figure 1A).7*7*® Without the glucosome marker PFKL-
mEGFDP, the percentage of Gl-arrested HsS78T cells increased
16.6% in the presence of lovastatin, relative to the percentage
of asynchronous HsS78T cells in the G1 phase (ie., 57.6 +
54% to 742 =+ 3.5%) (Figure 1B, light gray vs blue).
Meanwhile, lovastatin also increased by 17.9% PFKL-mEGFP-
transfected Hs578T cells in the Gl phase, relative to the
percentage of asynchronous HsS78T cells expressing PFKL-
mEGFP (ie, 52.5 + 3.2% to 70.4 + 2.1%) (Figure 1C, red vs
blue). These data support that the expression of the glucosome
marker has no significant influence on arresting cells in the G1
phase by lovastatin (Figure 1, panel B vs C, blue).

Second, we also used a double thymidine block (2 mM) to
arrest HsS78T cells in the G1/S phase transition (Figure 1A).
Thymidine is capable of arresting cells at the G1/S boundary
by blocking DNA replication.””** The treatment with
thymidine promoted a 16.0% increase of nontransfected
Hs578T cells in the G1 phase relative to the G1 population
of asynchronous nontransfected HsS78T cells (ie, 57.6 =+
54% to 73.5 + 7.6%) (Figure 1B, light gray vs green).
Similarly, the percentage of PFKL-mEGFP-expressing Hs578T
cells in the G1 phase was also increased by 13.4%, compared to
the Gl population of asynchronous but PFKL-mEGFP-
expressing cells (ie, 52.5 + 3.2% to 65.9 = 3.2%) (Figure
1C, red vs green). As anticipated, the treatment with thymidine
showed a similar trend as the treatment of lovastatin with
comparable degrees of increasing the G1 population regardless
of the expression of the glucosome marker (blue vs green in
Figure 1B,C).

Third, we blocked cell cycle progression in the G2/M phase
using colchicine (100 nM) that disrupts an interaction
between @- and f-tubulin for microtubule polymerization
and thus interrupts the G2/M transition (Figure 1A).3'7% Our
data showed that in the absence of the glucosome marker, the
percentage of HsS578T cells in the G2 phase was increased by
25.1% relative to the percentage of asynchronous HsS578T cells
in the G2 phase (i.e., 24.0 + 3.9% to 49.1 + 3.4%) (Figure 1B,
light gray vs black). In the presence of the glucosome marker,
the percentage of Hs578T cells in the G2 phase was also
increased 15.6% relative to the G2-arrested percentage of
asynchronous Hs578T cells (i.e., 24.2 + 6.6% to 39.8 + 4.9%)
(Figure 1C, red vs black). Regardless of the expression of the
glucosome marker, a significant percentage of Hs578T cells
was arrested in the G2 phase by the treatment with colchicine.

Taken all together, we demonstrated that HsS78T cells that
express PFKL-mEGFP as a glucosome marker went through
the cell cycle in a very similar way as nontransfected Hs578T
cells did. Therefore, these results allow us to investigate the
changes in the metabolic state of glucose metabolism during
the cell cycle in living human cells.
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Figure 2. Effects of lovastatin and colchicine on cell population showing differently sized glucosomes. Population (%) of HsS78T cells displaying
each size of PEKL-mEGFP assemblies was analyzed in the absence (N = 14) and presence (Njyyastatin = 4 20d N oichicine = S) of 20 uM lovastatin (A)
and 10 nM colchicine (B), respectively. Statistical analyses were performed using two-way ANOVA and Tukey’s multiple comparison tests. Error
bars represent standard deviations. Statistical significance is defined as p < 0.05 with a 95% confidence interval. *p < 0.05, ***p < 0.001, ****p <
0.0001. n.s., not significant. (C, D) Representative images obtained from inhibitor-treated HsS78T cells displaying three different sizes of
glucosomes. Scale bars, 10 um. (E) Average percentages (%) of cells displaying differently sized glucosomes along with their standard deviations
(£). Note that the concentrations of the cell cycle inhibitors we used for fluorescence live-cell imaging are lower, but still in the range of their
concentrations being used in the literature,* >>*”*'7*3% than what we used for flow cytometry in Figure 1.

significantly decreased as well from 26.8 + 3.6% to 13.6 +
5.6% (Figure 2B,D,E). The population of HsS78T cells
showing small-sized glucosomes was then significantly
increased from 59.6 + 4.9% to 75.0 + 8.6% by colchicine.
However, no change in the population of cells showing
medium-sized glucosomes was observed (i.e., 13.5 + 3.2% vs
114 + 3.2%) with colchicine. Please note that none of the
HsS578T cells we have analyzed under fluorescence single-cell
imaging, including the cells with large-sized glucosomes,
showed any observable distress before or after the inhibitor
treatment under brightfield imaging.

These data revealed that the treatment with colchicine
modulated glucosomes similarly to the treatment with
lovastatin although their mechanisms of action are significantly
different: that is, lovastatin arrests cells in the GI1 phase
through the inhibition of a metabolic enzyme (i.e., 3-hydroxy-

Now, to understand the impacts of the cell cycle inhibitors on
glucosome assemblies at single-cell levels, we analyzed the
percentage of HsS78T cells displaying different sizes of
glucosomes in the absence and presence of lovastatin and
colchicine, respectively. First, our high-content imaging
analysis with lovastatin (20 zM) revealed that the population
of Hs578T cells showing large-sized glucosomes drastically
decreased from 26.8% =+ 3.6 to 12.0 & 6.0% (Figure 2A,C,E).
The population of cells showing small- and medium-sized
glucosomes concurrently increased after the treatment with
lovastatin, 59.6 + 4.9% to 66.9 £+ 5.0% and 13.5 + 3.2% to 21.1
+ 6.0%, respectively. In addition, when colchicine (10 nM)
was added to arrest HsS78T cells in the G2 phase, the
population of Hs578T cells showing large-sized glucosomes

464 https://doi.org/10.1021/acsbiomedchemau.3c00037

ACS Bio Med Chem Au 2023, 3, 461-470


https://pubs.acs.org/doi/10.1021/acsbiomedchemau.3c00037?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.3c00037?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.3c00037?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.3c00037?fig=fig2&ref=pdf
pubs.acs.org/biomedchemau?ref=pdf
https://doi.org/10.1021/acsbiomedchemau.3c00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

9 .
PFKL-mEGFP ;
L B 8 m Lovastatin G1 G2/M
ol m Colchicine
7 1
6 u Water
2
c5 -
Glucosomes g 4
Vybrant® DyeCycleX o 3
G ;
1 |
o ol LI
O o WwowWwOowmOow
N AN OMm T

Cell Cycle Indicator

% Normalized Fluorescence Intensity

S G2/M

G1
0.8
0.4 II I
0.0 n

E

£ o | _

= Small Medium Large Sm. Medium LH S Me Hn L.

o -04

=]

u_c., -0.8

= 1.2

o

o -1.6

-
-2.0
2.4
2.8 = PFKL-mEGFP

' = PFKL-mEGFP + 20 uM Lolvalstatin
-3.2 m PFKL-mEGFP + 10 nM Colchicine
-3.6 I
D Small Assembly Medium Assembly Large Assembly
120 120 120
100 @ Lovastatin 100 ) o Lovastatin 100 © Lovastatin
80 o Colchicine 80 o Colchicine 80 < Colchicine
60 —&— Average 60 —o— Average 60 ——Average
«-a.. Water -+-0--- Water «++4- Water

40 40 40

20 S 20 | g\ > 20 g\\
................... a ° prrve—-
0 L 0 0 * S

20| 61 ‘ GUM | 5 | Gf § GIM | o9 | 61 \(S GZEM
40 40 O | 40

% Changes of Hs578T Cells

) &
-60 -60 -60
-80 -80 -80
-100 -100 -100
-120 -120 -120

Figure 3. Size-dependent regulation of glucosomes during the cell cycle in single cells. (A) Representative HsS78T cell expressing PFKL-mEGFP in
the cytoplasm was stained with a cell cycle indicator, Vybrant DyeCycle Orange Stain, that localized in the nucleus. Scale bars, 10 gm. (B) Total of
398 cells that displayed both glucosomes and the cell cycle indicator were randomly selected for analysis: N yagtain = 141 from 3 independent trials,
Neolchicine = 85 from 4 independent trials, and N, ;q. = 172 from 7 independent trials. A histogram of the selected cells was then graphed as the
number of counted cells over the normalized fluorescence intensity. Accordingly, the 2n group represents Hs578T cells in the G2 phase while the
1n group represents HsS78T cells in the G1 phase. (C) Changes of the population of HsS78T cells displaying each size of glucosomes were
analyzed in the presence of either lovastatin (blue) or colchicine (black) at each phase of the cell cycle. Out of 226 inhibitor-treated HsS78T cells,
Ng,= 138 cells, Ng= S5 cells, and N, = 33 cells were analyzed. A logarithmic value of fold changes (i.e., Log,(fold change)) of the population of
cells showing different sizes of glucosomes are graphed relative to a control (red, y = 0). (D) Percentage (%) changes of cells showing small- (blue,
square), medium- (green, circle), and large-sized (red, diamond) glucosomes were analyzed along with the cell cycle in the presence of lovastatin
(shaded symbols) or colchicine (open symbols). The average (%) changes of cells by two cell cycle inhibitors were then graphed in a size-
dependent manner (filled symbols with solid lines). Background changes were also observed by the treatment of a vehicle, water, as a control (filled
symbols with dashed lines). Positive and negative (%) values on the y-axis indicate up- and down-regulation of the percentage of cells showing
given sized glucosomes, respectively. The gray zone (+17% on the y-axis) indicates background noise observed by the water treatment in this
analysis. Note that graphs in panels C and D do not show error bars because the 398 cells that were randomly collected from 14 independent trials
were individually analyzed with respect to their cell cycle and glucosome utilization. In addition, for clarity, we added a line between two data points
obtained from each cell cycle inhibitor to indicate fluctuation ranges of data points.

3-methylglutaryl coenzyme A reductase) in cholesterol syn- resulted from a similar biological response that was affected by
. 2426 1. L .

thesis while colchicine interrupts the G2/M transition by both molecules. In other words, the changes in cells showing

disrupting the formation of microtubules.””*® Considering that

) . . ion (Ei 5
changes of cell population showing different sizes of differently sized glucosomes in a population (Figure 2) appear

glucosomes have been indicative of metabolic alterations of to be independent of the individual mechanism of action of

15,19-21

the subjected cell population, our data in Figure 2 likely lovastatin or colchicine. Therefore, we hypothesized that a
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specific phase of the cell cycle may be the key determinant for
the observed glucosome utilization in single cells.

Next, to investigate whether a specific phase of the cell cycle is
responsible for regulating glucosome assemblies at single-cell
levels, we introduced a fluorescent cell cycle indicator, Vybrant
DyeCycle Orange Stain (0.5 uM),”’~*" to Hs578T cells that
expressed PFKL-mEGFP as a glucosome marker (Figure 3A).
We then randomly selected Hs578T cells displaying
glucosomes in the presence of lovastatin (Njgyueain = 141)
and colchicine (N_icne = 85), respectively. Subsequently,
fluorescent intensities of the cell cycle indicator were
quantified from the nucleus of the selected cells to determine
at which phase of the cell cycle they were. As a control, we also
analyzed a number of glucosome-displaying cells (Nyeiqe =
172) after treatment with water. Consequently, a histogram
was set for our in-depth cell cycle analysis (Figure 3B) as
described in the Materials and Methods section.

When we analyzed the randomly selected HsS78T cells after
the treatment with lovastatin and colchicine, respectively, we
found that the numbers of inhibitor-treated Hs578T cells that
are arrested in the G1 phase, regardless of the cells showing
small-, medium-, or large-sized glucosomes, were increased
relative to the numbers of vehicle-treated Hs578T cells in the
G1 phase (Figure 3C and Supplemental Figure S2A,D, from
red to blue or black). Although one specific size of glucosome
was not distinctively controlled by the G1 phase, the number
of Hs578T cells showing small- and medium-sized glucosomes
in the G1 phase were noticeably increased by lovastatin as well
as by colchicine (Figure 3C and Supplemental Figure S2A,D,
red to blue or black). However, the numbers of Hs578T cells
in the G2/M phase, regardless of glucosome sizes, were
decreased in the presence of lovastatin or colchicine (Figure
3C and Supplemental Figure S2C,F, red to blue or black).
Particularly, significant reduction of the number of G2/M-
arrested Hs578T cells was observed when cells displayed small-
sized glucosomes after each inhibitor treatment (Figure 3C
and Supplemental Figure S2C,F). The up- and down-
regulation trends we observed with lovastatin at each phase
of the cell cycle (Figure 3C, blue) were very similar to the
trends we observed with colchicine (Figure 3C, black), except
for the cells in the S phase. Therefore, the changes of
glucosome utilization in single cells appears to depend on at
which phase of the cell cycle a cell is during cell cycle
progression.
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To advance our understanding of the size-specific dynamics of
glucosomes during the cell cycle, we have further analyzed our
data shown in Figure 3C. Regardless of the treatment with
lovastatin or colchicine, we found consistently that on average
the percentage of cells showing small-sized glucosomes in the
G1 phase increased 60% while the percentage of cells showing
small-sized glucosomes in the G2/M phase significantly
decreased 86% (Figure 3D). This suggests that small-sized
glucosomes are most dynamically associated with the cell cycle,
suggesting their potential oscillatory behavior during cell cycle
progression. Meanwhile, the percentage of cells showing
medium-sized glucosomes was significantly elevated only in
the Gl phase (ie, on average 90%) (Figure 3D), which
suggests the importance of medium-sized glucosomes during
the G1 phase. Lastly, the percentage of cells showing large-
sized glucosomes was barely or only minimally changed during
the cell cycle (Figure 3D), indicating that utilization of large-
sized glucosomes remains relatively constant throughout the
cell cycle. If we put these data together in multiple cycles
repeatedly, our results seem to suggest that the percentages of
cells showing glucosomes may oscillate along with the cell
cycle in an assembly size-specific manner. Therefore, we
disclose intracellular glucosome dynamics as a possible
mechanism by which human cells regulate glucose metabolism
during the cell cycle.

Previously, we have proposed the size-dependent functional
participation of glucosome assemblies in regulation of glucose
flux at single-cell levels (Figure 4A); briefly, small-sized
glucosomes primarily promote glycolysis,"”* but medium-
and large-sized glucosomes partition glucose flux preferentially
into the PPP and serine biosynthesis, respectively.'>”" This
means that the significantly increased numbers of HsS578T cells
showing small- and medium-sized glucosomes in the G1 phase
(Figure 3C,D) may represent the metabolic upregulation of
glycolysis and the PPP during the G1 phase (Figure 4B). This
is indeed consistent with the literature proposing that the
increased expression of hexokinase 2 or PFKFB3, as well as the
elevated activity of glucose 6-phosphate dehydrogenase, in the
G1 phase would upregulate glycolysis and the PPP during the
G1 phase, respectively.”®'""* Our analysis here is also in line
with the fact that human de novo purine biosynthesis, which
relies on glucose-derived carbon flux from the PPP, is
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upregulated in the GI1 phase through the formation of
multienzyme purinosome assemblies.”® Additionally, the
percentage of HsS578T cells showing medium- and large-sized
glucosomes from the S to the G2/M phase (Figure 3D)
remained almost the same, indicating no alteration of the
glucose shunt to building block biosynthesis. In other words,
our data seems to suggest a relatively sustained level of
glycolysis-derived carbon flux into the PPP and serine
biosynthesis during the S to G2/M transition. This analysis
is appealing because we provide a mechanistic insight of how
serine is continually generated in cancer cells to play its
reported essential role in cancer cell growth and survival.">*’
Furthermore, our data showing reduced amounts of small-sized
glucosomes in the G2/M-arrested cells (Figure 3C,D) implies
significant downregulation of glycolysis at the G2 phase of
HsS78T cells (Figure 4B). Although the activity of glycolysis is
shown to diminish during the S phase relative to its level at the
G1 phase,”*" as far as we know, glycolysis has not been
previously reported to be downregulated during the G2 phase
relative to its basal level activity throughout the cell cycle. In
addition, the downregulation of glycolysis in the G2 phase
(Figures 3D and 4B) with no significant changes on glucose
flux shunting to the PPP and serine biosynthesis (Figure 3D)
may indicate glycolytic intermediates, particularly dihydrox-
yacetone phosphate, leaking to lipid metabolism,** which may
explain the upregulation of lipid biosynthesis during the G2.*°
Collectively, our study not only strongly supports our current
understanding of metabolic demands in the G1 phase but also
provides novel insights into functional interplays between
glucose metabolism and the G2 phase of the cell cycle in
human cells.

In addition, it is important to note here that a current model
that describes temporal oscillation of metabolism during cell
cycle progression has been largely established from yeast and
unicellular eukaryotic cells.” Particularly, metabolite profiling
experiments in yeast cells demonstrated periodic changes of
intracellular concentrations of metabolites, thus revealing
metabolic oscillation during the cell cycle.47 In human cells,
however, recent research has been largely centered on
elucidating the impacts of cyclin-dependent kinases on the
spatial translocation of glycolytic enzymes (e.g, pyruvate
kinase muscle-type 2 (PKM2), aldolase, glyceraldehyde 3-
phosphate dehydrogenase, and PFKFB3) from the cytoplasm
to the nucleus,” rather than monitoring changes in their
enzymatic activities during the cell cycle. Nonetheless, there is
a study indeed demonstrating the diversion of glycolytic flux
toward building block biosynthesis in cancer cells due to the
alterations of enzymatic activities of glycolytic enzymes (i.e.,
PFK and PKM2) by cyclin-dependent kinase 6.** Our
understanding of whether functional oscillation of metabolic
pathways occurs during the cell cycle in human cells is about to
be emerging.

Overall, we demonstrate that glucosomes are spatially and
temporally regulated at single-cell levels and that the
percentages of cells showing a specific size of glucosomes are
modulated during the cell cycle in a glucosome size-specific
manner. We propose that glucosome dynamics is one of the
essential metabolic entities of human cell biology to meet the
cell cycle-dependent metabolic demands of human cells.
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The plasmid expressing PFKL with a monomeric enhanced green
fluorescent protein (PFKL-mEGFP) was previously described.'®
Thymidine (Sigma, Cat# 89270), colchicine (EMD Millipore, Cat#
234115), and lovastatin (Tocris, Cat# 1530) were used to
synchronize Hs578T cells.”® Vybrant DyeCycle Orange Stain
(Invitrogen, Cat# V3500S5) was used as a cell cycle indicator. Note
that lovastatin was first dissolved in 95% ethanol, and then 1 M
NaOH was added. Subsequently, the pH of the lovastatin solution was
adjusted to pH 7.2 using 1 M HC], followed by diluting it with water
to prepare a desired stock solution.

Human triple-negative breast carcinoma HsS78T cells (HTB-126)
were obtained from the ATCC. Cells were cultured in Roswell Park
Memorial Institute 1640 (RPMI 1640, Mediatech, Cat# 10-040-CV)
supplemented with 10% dialyzed fetal bovine serum (dFBS) (Sigma,
Cat# F2442)*°° and 50 ug/mL gentamicin sulfate (Corning, Cat#
61-098-RF). Cells were then maintained in a HeraCell CO, incubator
(37 °C, 5% CO,, and 95% humidity). The Universal Mycoplasma
Detection Kit (ATCC, Cat# 30-1012K) was used to verify that cells
were free of mycoplasma contamination. The Hs578T cell line was
also authenticated by ATCC’s short tandem repeat profiling service.

HsS78T cells were gently removed from a culture flask with trypsin
(Corning, Cat# 25-053-Cl) and plated on glass-bottomed 35 mm
Petri dishes (MatTek) with an antibiotic-free growth medium. When
cells reached ~70—90% confluency, transfection was carried out using
Lipofectamine 2000 (Invitrogen) with Opti-MEM-I reduced serum
medium (Gibco, Cat# 11058). At S h post-transfection, the Opti-
MEM-I medium was exchanged with a fresh antibiotic-free growth
medium that did not contain phenol red (Gibco, Cat# 11835-030)
but, when desired, included a cell cycle inhibitor.

HsS78T cells were grown in 6-well plates ~30—50% confluency in the
growth medium (i.e, RPMI 1640 and 10% dFBS). On the following
day, cells were transfected with PFKL-mEGFP. Cells with or without
PFKL-mEGFP were treated with thymidine, lovastatin, or colchi-
cine.””*° For the G1/S arrest, 2 mM thymidine was added into the
growth medium. After 12 h of incubation, cells were washed with 1X
PBS twice and subsequently incubated with the fresh growth medium
for 16 h. Thymidine treatment was then repeated (2 mM thymidine
for 12 h) before harvesting cells. For the G1 arrest, 40 yM lovastatin
was supplemented into the growth medium. After 28 h of incubation,
cells were washed with the fresh growth medium to remove residual
lovastatin. For the G2/M arrest, 100 nM colchicine was supplemented
into the growth medium for 24 h. For the vehicle control, water was
applied without a cell cycle inhibitor.

Cells were then harvested and analyzed by flow cytometry.>" Briefly,
cells were removed from a culture plate using trypsin and washed with
1X PBS once. Then, the cells were resuspended in ice-cold 1X PBS
and fixed in ice-cold methanol for 20 min at 4 °C. The cells were
washed and resuspended with 1X PBS containing 30 ug/mL
propidium iodide and 100 ug/mL RNase A (Thermo, Cati#
ENO0S531). After incubation for at least 45 min, cells were subjected
to flow cytometry using a CyAn ADP instrument (Beckman Coulter)
equipped with a 488 nm laser line and 530/40 and 613/20 emission
filters with Summit V 4.00 software. The cell population was gated
based on mEGFP intensity to exclude cells that were not expressing
PFKL-mEGFP. Using the Cell Cycle platform available in Flow]Jo
(FlowJo, LLC), cell cycle progression was determined by Dean—Jett—
Fox analysis.>”

At 24 h post-transfection of PFKL-mEGFP, HsS78T cells were
washed with a buffered-saline solution (20 mM HEPES (pH 7.4), 135
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mM NaCl, S mM KCl, 1 mM MgCl,, 1.8 mM CaCl,, and 5.6 mM
glucose) three times in a 10 min interval. To employ a cell cycle
indicator, cells were subsequently treated with Vybrant DyeCycle
Orange Stain (0.5 M) for 15 min (37 °C, 5% CO,, and 95%
humidity) and allowed to further incubate in the darkroom for 1-2 h
at ambient temperature prior to imaging. All images were obtained
using a Photometrics CoolSnap EZ monochrome CCD camera with a
60X 1.45 NA objective (Nikon CFI Plan Apo TIRF) on a Nikon
Eclipse Ti inverted C2 confocal microscope. Wide-field imaging was
carried out using a set of Z488/10-HC cleanup, HC TIRF dichroic,
and 525/50-HC emission filter for mEGFP detection and a set of
7561/10-HC cleanup, HC TIRF dichroic, and 600/50-HC emission
filter for the Vybrant DyeCycle Orange Stain detection from Chroma
Technology.

The Image] processing software (National Institutes of Health) was
used for glucosome size analysis as reported previously." Briefly,
fluorescent wide-field images were processed through Image] using a
custom script and macro that automate the counting of fluorescent
particles using its built-in module, so-called robust automatic
threshold selection (RATS). Note that the captured cell images
were scaled according to the pixel size of the microscope (i.e., 0.12
um/pixel) before the default parameters for RATS (ie., noise
threshold = 25, 4 factor = 3) were used in this analysis. Once
fluorescent particles were selected from an image, the particle analysis
module in Image] was applied to attain both the number and the area
of fluorescent particles within an image. This process was repeated for
all subsequent cell images.

The cell cycle indicator Vybrant DyeCycle Orange Stain emits
fluorescent signals that are proportional to the mass of DNA in single
cells, which indicates cell cycle progression.””~*" To distinguish each
phase of the cell cycle based on a fluorescent intensity from the
nucleus, Nikon NIS-Elements software (version 4.13) was used to
quantify fluorescent signals from single cells. Cells emitting the
highest fluorescent intensity served as a reference for the G2/M-
arrested cells. Cells in the G1 phase were then characterized as having
half of the reference fluorescence intensity. Any cells with a
fluorescence intensity between the G1 and G2/M phases were
categorized as being in the S phase.

Statistical analyses of high-content imaging and flow cytometry data
were performed by using GraphPad Prism 9.2. Briefly, a two-way
analysis of variance (ANOVA) with Tukey’s multiple comparison
tests was performed to determine statistical significance among
different treatments or between the experimental and the control
groups. Statistical significance was defined as p < 0.05 with a 95%
confidence interval: *p < 0.0S, ¥*p < 0.01, ***¥p < 0.001, ****p <
0.0001; n.s., not significant.

All data are available within the main manuscript and the
Supporting Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomedche-
mau.3c00037.

Cell cycle analysis with and without expression of a
glucosome marker, PFKL-mEGFP, in Hs578T cells;
changes of the population of HsS78T cells displaying
three different sizes of glucosomes at each phase of the
cell cycle (PDF)
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