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ABSTRACT Cellular differentiation proceeds along complicated pathways, even when it is induced by extracellular signaling
molecules. One of the major reasons for this complexity is the highly multidimensional internal dynamics of cells, which
sometimes causes apparently stochastic responses in individual cells to extracellular stimuli. Therefore, to understand cell
differentiation, it is necessary to monitor the internal dynamics of cells at single-cell resolution. Here, we used a Raman and
autofluorescence spectrum analysis of single cells to detect dynamic changes in intracellular molecular components. MCF-7
cells are a human cancer-derived cell line that can be induced to differentiate into mammary-gland-like cells with the addition
of heregulin (HRG) to the culture medium. We measured the spectra in the cytoplasm of MCF-7 cells during 12 days of HRG
stimulation. The Raman scattering spectrum, which was the major component of the signal, changed with time. A multicompo-
nent analysis of the Raman spectrum revealed that the dynamics of the major components of the intracellular molecules,
including proteins and lipids, changed cyclically along the differentiation pathway. The background autofluorescence signals
of Raman scattering also provided information about the differentiation process. Using the total information from the Raman
and autofluorescence spectra, we were able to visualize the pathway of cell differentiation in the multicomponent phase space.

INTRODUCTION

Cell differentiation is a complicated process that seems to be
stochastic, even in clonal cells under the same growth con-
ditions (1). One reason for this stochasticity must be the
complexity of the cellular internal dynamics. State changes
in cells are directed by a complex web of intracellular
metabolic reactions interacting with the complex gene-
expression network. This complexity allows cells to assume
multiple states even under the same environmental condi-
tions. Therefore, it is sometimes difficult to regulate the
differentiation of populations of cells effectively, although
it is important to do so in many applications, including
regenerative medicine (2). A method must first be estab-
lished to monitor the dynamics of the intracellular compo-
nents along the pathway of cell differentiation. Although
various genomic, proteomic, and metabolomic technologies
can be used for the precise analysis of cellular components,
these omic technologies are invasive and usually are only
applicable to populations of cells (3). Therefore, it is diffi-
cult to monitor the intracellular dynamics successively in
individual living cells using omic technologies.
Spectroscopic technologies can be used to complement
the omic technologies in monitoring cell differentiation
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pathways because they allow successive measurements to
be made in single living cells. Spectroscopic measurements
can potentially provide multidimensional information about
the many chemical components of living cells with low inva-
siveness, especially when long light wavelengths are used to
monitor the cells. Raman scattering spectroscopy is the most
popular spectroscopic technology for detecting differences
in the states of living cells and tissues (4). It can use long
excitation wavelengths and shows good contrast in detecting
longer-wavelength signals, which can be separated from
the excitation light. The greatest advantage of Raman spec-
troscopy is probably its label-free detection of the multidi-
mensional dynamics that reflects the differences between
chemical components (5). The acquisition of multidimen-
sional data is essential to distinguish the various cellular
states without requiring prior knowledge or speculation.
The problems that arise from the low signals in Raman mea-
surements can be overridden thanks to recent improvements
in the detection apparatus, including optics and photosensors.

Spectroscopic technologies can be extended straightfor-
wardly to imaging or microscopic measurements. In fact,
various cellular states or processes have been distinguished
and analyzed with the use of Raman microspectroscopy in tis-
sues, single cells, and subcellular volumes (4). For example,
structure-specific signals have been detected in human skin
tissue (6), and cancerous and normal cells are distinguishable
in skin (7) and lung (8) tissues by Raman microscopy. In
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single cells, Raman spectrum analysis has successfully dis-
tinguished growth plateau conditions from exponentially
proliferating conditions (9). Recent studies sought to identify
differentiation markers in Raman spectra by observing undif-
ferentiated and differentiated embryonic stem cells (10-12)
and other cell types (13). However, as far as we know, most
Raman spectroscopic studies to date have been directed
toward static comparisons of two states of cells. Only a few
studies have investigated the cellular internal dynamics
during state changes in cells. Huang et al. (14) examined
spatiotemporal changes in the Raman spectrum during the
yeast cell cycle and detected a specific Raman band for cells
growing under good conditions. Their work clearly demon-
strated the power of Raman spectrum imaging measurements
for detecting dynamic state transitions in cells.

In addition to Raman scattering, the autofluorescence of
cellular components carries information about the cellular
internal dynamics (15). Autofluorescence microspectro-
scopy is another label-free, multidimensional spectroscopic
technology that can be naturally extended to obtain imaging
measurements. It has been used to image tissues (16) and
diagnose cancer (17). Autofluorescence imaging can also
be used to detect the functions of tissues (18) and cells (19).

In this study, we used microspectroscopic detection of
both Raman and autofluorescence signals to trace the here-
gulin (HRG)-induced differentiation pathway of MCF-7
cells. HRG is a small cell-signaling protein that is respon-
sible for the development of various tissues in vertebrates
(20). HRG induces differentiation of MCF-7, a cell line
derived from human breast cancer, into mammary-gland-
like cells, which are characterized by the formation of oil
droplets and albumin secretion (21). We detected and
characterized the multidimensional dynamics of the meta-
bolic components inside cells during the HRG-induced
differentiation pathway of MCF-7 cells. In this study, we
concentrated on the multidimensional dynamics of the me-
tabolites in the cell population. Therefore, we described the
cell differentiation pathway in a phase space defined by the
Raman and autofluorescence spectra. It is well known that
cellular responses usually show wide variations, so we
concentrated on the distribution of the dynamics of single
cells. If we can successfully describe the population dy-
namics in a phase space, this description can be extended
to single-cell dynamics in the future.

MATERIALS AND METHODS
Cell culture and sample preparation

MCEF-7 cells (obtained from the American Type Culture Collection) were
maintained in Dulbecco’s minimal Eagle’s medium supplemented with
10% fetal calf serum at 37°C in 5% CO,. The cells were transferred to a
35 mm cell culture dish with a quartz coverslip on the bottom (SF-S-D27;
Fine Plus International, Kyoto, Japan) for microspectroscopy. Lyophilized
powder of recombinant human neuregulinl-g31/heregulinl-g1 EGF domain
(HRG) was purchased from R&D Systems (Minneapolis), dissolved in
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PBS, and added to the culture medium at a 1/60 dilution (final concentration
of 30 nM) to induce cell differentiation. The culture medium containing
HRG was refreshed every 2 days. Phase-contrast micrographs of the cells
were acquired with an inverted optical microscope (CK40; Nikon, Tokyo,
Japan) equipped with a 20x phase-contrast objective and a digital camera.

Microspectroscopy

Two days before measurements were made, the cell culture medium was
exchanged for medium without phenol red. Just before the measurements
were made, the cells were washed with Hank’s balanced salt solution con-
taining 10 mM PIPES-Na (pH 7.2; HBSS-PIPES). HBSS-PIPES shows no
significant background signal in the wavelengths we observed in this study.
The Raman and autofluorescence spectra of the cells were measured in
HBSS-PIPES with a confocal Raman microscope (inVia; Renishaw, Glou-
cestershire, UK), using an upright microscope equipped with a 63 x dip-
type water-immersion objective (NA = 0.9, HCX APO LU-V-1; Leica,
Wetzlar, Germany).

The cell cytoplasm was irradiated with a diffraction-limited spot from a
532 nm laser (7.4 mW after the objective). The spatial resolutions were 1
pm and 3—4 um in the lateral and focal directions, respectively. The posi-
tions of the measurements were selected randomly in the cytoplasm.
Evident oil droplets and other organelles were avoided, although it is
possible that some small droplets were present in the measurement vol-
umes. Seven to 24 spots in three to five cells were obtained in the cultures
at each day of differentiation. Spectra from seven spots on each day for five
cells without HRG treatment were also obtained as the control. The emis-
sion from the excitation spot was selected with a confocal slit, diffracted
with a grating (1800 lines/mm), and accumulated for 30 s on a 576 x
384 pixel cooled CCD sensor. The spectral resolution of the system is
1.7 em™" according to the manufacturer. Calibration of the wavelength
was done using silicon substrate. Nonuniformity of the detector response
was not corrected, but was <5% over the observation wavelength.

Illumination with the excitation laser might cause some damage to cells,
although the irradiation power and period used in this study were in the
range of those used in the previous studies (8,22,23). To avoid possible pho-
todamage effects, independent cell cultures were used for measurements
on different days of differentiation. Cell densities were regulated to be
~70% confluent. Cells on day 0 were in the steady state of the log-phase
growth condition.

Data analysis

After subtraction of the dark current, the Raman scattering and autofluo-
rescence signals were separated in each spectrum, as shown in Fig. S1 of
the Supporting Material). The Raman spectrum was vector normalized for
signals from 560 to 1790 cm™'. The signals had 616 points (2 cm™'/point).
A multivariate analysis of the spectra was performed using MATLAB
(The MathWorks, Natick, MA) and The Unscrambler 9.8 (CAMO Software,
Tokyo, Japan).

RESULTS

Measurement of Raman and autofluorescence
spectra along the differentiation pathway
of MCF-7 cells

MCEF-7 cells were cultured with a continuous supply of
HRG in the culture medium to induce their differentiation.
Phase-contrast micrographs of the cells were acquired
along the differentiation pathway (Fig. 1). The accumula-
tion of small oil droplets in the cytoplasm was observed in
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a small population of cells after HRG treatment for 1-3 days
(Fig. 1, B and C), and oil droplets were evident around the
nucleus in most cells after 6 days of treatment (Figs. 1, D
and E, and S2).

To detect changes in the metabolite components of the cell
cytoplasm during the differentiation process, we measured
photoexcited emission spectra with a confocal microspec-
trometer in cells before HRG stimulation (day 0) and after
HRG stimulation for 1, 3, 6, and 12 days. No measurements
were made at sites that clearly contained oil droplets or other
vesicles to detect changes in the cytoplasmic solution.
Spectra were obtained from ~1 um? of the confocal volume
excited by a diffraction-limited 532 nm laser spot (Fig. 2
A). After accumulation of emission for 30 s, a spectrum
with an appropriate signal/noise ratio was obtained for further
analysis (Fig. 2 B). Most of the acquired signals were charac-
teristic of the Raman scattering peaks of the metabolites. The
spectra also contained a low-frequency background signal,
probably caused by cellular autofluorescence. In each raw
spectrum, 16 points at which the Raman signal was small
were selected (the wave numbers were 560, 656, 710, 738,
772, 800, 906, 994, 1014, 1140, 1192, 1388, 1518, 1728,
1772, and 1790 cm‘l). The Raman and autofluorescence
signals were separated with respect to these 16 points
(see Fig. S1 for details regarding separation of the Raman and
autofluorescence signals). The Raman, autofluorescence,
and entire spectra were vector normalized at 560—1790 cm™
and used for further analysis (Fig. 2, C and D).

Changes in chemical components detected from
Raman spectra

The normalized Raman spectra were averaged for each day
of differentiation (Fig. 3 A) and the difference spectra
relative to the average spectrum on day O were calculated

2223

FIGURE 1 (A-E) HRG-induced differentiation
of MCF-7 cells. Phase-contrast micrographs of
the differentiation process in MCF-7 cells in the
presence of 30 nM HRG are shown. Oil droplets
in the cytoplasm are recognizable by their high
refractive indices. Oil droplets are clearly present
around the nuclei in cells after HRG stimulation
for 6 days (arrows). Micrographs were taken before
(A) and after 1 (B), 3 (C), 6 (D), and 12 days (E) of
HRG stimulation. Bar: 20 um.

(Fig. 3 B). The average spectrum changed with the days
of differentiation, and we could assign some of the peaks
to specific chemical components, including nucleic acids,
proteins, lipids, carbohydrates, and cytochrome c, based
on previous reports (8,10,14,24-26). The resonance Raman
bands of the heme attached to the cytochrome c protein can
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FIGURE 2 Measurement of photoexcited emission spectra in the cyto-
plasm of single cells. (A) Scattering of the excitation laser beam
(532 nm) is shown in the cytoplasm of an MCF-7 cell (arrow). (B) Raw
spectra from the cytoplasm of cells obtained with a confocal microspec-
trometer. Twenty-five randomly selected spectra from the 243 total spectra
obtained from cells on various days of differentiation are shown. The accu-
mulation time was 30 s. (C) Spectra after vector normalization of B. (D)
Raman spectra after autofluorescence subtraction from A (see Fig. S1 for
details) and vector normalization.
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FIGURE 3 Changes in the chemical components of the cytoplasm. (A) Average Raman spectra during the period of HRG stimulation. Days of HRG treat-
ment are indicated. (B) Differences in the average spectra on the indicated days with respect to the average spectrum on day 0. (C) Dynamics of individual
chemical components. The dynamics were categorized into seven classes (a—g). These plots were made after normalization over time at individual wave
numbers. Error bars indicate standard errors. C, carbohydrates; cyt, cytochrome c; L, lipids; N, nucleotides; P, proteins (see Table S1 for assignments).
(D and E) Average (D) and difference (E) spectra of cells without HRG treatment. In panels A, B, D, and E, the black lines and gray regions indicate the
averages and the widths of the standard errors, respectively. The baselines of individual spectra were shifted for convenience of visualization. In panels
A and D, the numbers in parentheses (m:n) indicate the numbers of spectra (m) obtained on each day from (n) cells.

be separated specifically from those of the other chemical
components of cells by excitation at 532 nm (8). As shown
in the difference spectra, the fractions of many of the
chemical components of the cells changed dynamically,
with individually specific patterns. The dynamics of the
major Raman peaks could be categorized roughly into
several groups (Fig. 3 C). Changes in the spectrum from
cells without HRG treatment were small (Fig. 3, D and E).

Although the separations were incomplete because the
Raman peaks derived from different chemical species over-
lapped, nucleic acids, lipids, carbohydrates, and cytochrome
¢ generally showed specific dynamics for each individual
category of chemical components. Signals largely specific
for nucleic acids increased on day 1, decreased on day 3,
and increased again on day 12 (Fig. 3 C, b). The cytochrome
¢ fraction showed dynamics similar to those of nucleic
acids, but the fraction on day 12 was small (Fig. 3 C, ¢).
The lipid and carbohydrate fractions were small in the early
days of differentiation, but increased in the middle period of
the differentiation pathway (Fig. 3 C, d and e). After the
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middle period, the lipid components were probably trans-
ferred to the large oil droplets excluded from the measure-
ment. The dynamics of the protein fractions showed large
variations, as expected from the different roles of each spe-
cies of protein. From these oscillating patterns of change in
the metabolite fractions, it can be concluded that differen-
tiation takes a complicated pathway with time, rather than
a straightforward one, from the perspective of the cyto-
plasmic metabolite composition.

Principal-component analysis of the Raman
spectra

To characterize the differentiation pathway in a phase space,
we performed a principal-component analysis (PCA) based
on all of the individual Raman spectra taken at different
times and in different spaces (Fig. 2 D). The loadings of
the first six components and the distribution of the contri-
bution ratios are shown (Fig. 4). Approximately 16% of
the information on the cellular dynamics was contained in



Differentiation Dynamics of MCF-7 Cells 2225
A 02 7 T T T L 0.1 T T T T f\ T T
\ - (.
- | - [
01 PCT M| O Iy W ol ", s
— AU o | f -
0 Wf\’,/l\:—-//\-rs//f\/\w/ . {“ f/\_ 0.1 .PC5 m "v‘ N\Uﬂ i
- I/ 4 | 1 | |
0.1 \ ’N
| | | | | | | | | | | |
0.1 L
0.2
T T T T T T
- I - 0 i u \! \ Mkﬁ'
01 L PC2 " | - \“m | "J' \l
Wi o 1 o PCGM ”‘\
0 ..,J\W‘\\’w\;wf‘\“f \- ‘/ﬂ wf r‘wr- 1 1
= ‘ ‘H 600 1000 1400 1800 FIGURE 4 Principal components in the Raman
© 01 L -‘ " spectra. (A) Loadings for the first six principal
- ; 1
> : : : : : : Raman shift (Cm ) components (PC1-PC6) of the Raman spectra
‘m 02 are shown. PCA was performed based on all 243
c [T T T T T T . s
o) | - single-spot Raman spectra. (B) Distribution of
E 0.1 PC3 (\ f“ | B the contribution ratios of the PCA loadings; 16%
,\‘ L*“‘ A P of the overall spectral information was expressed
0 m mu m N Ay / \ Mw P
_\, \ W \r\ H (»» N “A / i k\ i in PC1-PC3. Inset is the log-log plot of the frac-
01 | “ v ’, - tions of the first 100 components.
1 | | | | | c
Rel
T T T T Q
0.1 L o ©
Pg4 N A d L
\!
0 %w”'*“t‘ | W'W J,WV’ iy WA Ww i
_‘r N -
011 W -
1 | | | | | 0 1 I I I
600 1000 1400 1800 2 4 6 8 10
Raman shift (cm-1) Component

the first three principal components (PC1-PC3; Fig. 4 B).
Although the higher-order components still contained extra
information, the loadings for components higher than the
third order were noisy. Therefore, for simplicity, we concen-
trated on PC1-PC3.

Cell differentiation dynamics described in the
Raman spectrum phase space

The PC1 and PC2 scores for individual spectra were plotted
in a two-dimensional phase space (Fig. 5 A). Interestingly,
all of the spectra were distributed in a triangular area, the
bottom edge of which was parallel to the PC1 vector, and
most of the spectra were aligned along the three edges of
the distribution. We noted that the three vertices of this
triangular distribution were characterized by spectra that
were enriched with either protein, lipid, or water signals,

e., the spectra in the middle-PC1 and high-PC2 region
were rich in protein signals, those in the high-PC1 and
low-PC2 region were rich in lipid signals, and those in the
low-PC1 and low-PC2 region were rich in water signal
(Fig. 5 B). Furthermore, the spectra for each day of differen-
tiation showed a tendency to distribute to only one or two
edges of the entire distribution (Fig. 5 A). The distribution
on day 0 was on the two oblique edges, indicating pro-
tein-rich states. On day 1, the distribution moved to the
oblique edge opposite the lower right vertex, indicating a
reduction in the lipid fraction. On day 3, the spectra were

distributed on two edges, the upper left and bottom, and
on day 6, the distribution returned to the upper-right edge.
The distribution on day 12 was mainly on the upper-left
edge. As shown here, the changes in the fractions of chem-
ical components circulated in this phase space in a counter-
clockwise direction: i.e., along the differentiation pathway,
the lipid fraction decreased first, followed by reductions in
protein and then a decline in the water fraction. In the last
stage, another reduction in the lipid fraction occurred.

The dynamics of PC3 were also not unimodal (Figs. 5 C
and S3). Compared with the scores on day 0, a fraction of
cells showed lower scores on days 1 and 6, and higher scores
on days 3 and 12. Thus, the distribution of the PC3 scores
oscillated along the differentiation pathway in a different
phase compared with the PC1 and PC2 scores.

As shown here, the differentiation dynamics in MCF-7
cells can be characterized in a three-dimensional phase
space of PC1-PC3 of the Raman spectrum. Despite the large
cell-to-cell deviations on each day of differentiation, the
well-differentiated population (day 12) was largely sepa-
rated from the population of undifferentiated cells (day 0).
However, because of the cyclic or oscillating nature of the
Raman dynamics, it was hard to distinguish all of the
intermediate stages in the differentiation pathway from
the undifferentiated state based only on the Raman spectra.
The distributions on day 6 showed especially large overlaps
with those on day 0 for every PC1-PC3 score, indicating
that, at this stage, it is difficult to distinguish cells in the
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FIGURE 5 Raman dynamics of cell differentiation. (A) Plots of all Raman spectra in the PC1/PC2 plane. Each panel refers to the spectra obtained on
the indicated day of differentiation (solid dots represent the indicated day, and open dots represent the other days for comparison). (B) Three characteristic
spectra in the PC1/PC2 plane. The positions of the spectra in the PC1/PC2 plane are indicated by arrows in A. Spectra I-III are rich in proteins, lipids,
and water, respectively. (C) Changes in the PC3 scores were plotted in the PC2/PC3 plane with the days of differentiation (see Fig. S3 for the plots in

the PC1/PC3 plane).

differentiation process from those in the undifferentiated
states, although once the distributions were well separated
on day 3 from those on day 0. Therefore, it was difficult
to distinguish undifferentiated cells from medially differen-
tiated cells based on the cytoplasmic Raman spectra. It
was not easy to separate the spectra on day 0 from those
on day 6 even when higher components of the Raman
spectra were considered, as shown by the residue values
of a soft independent modeling of class analogy (SIMCA)
analysis (Fig. S4).

Analysis using the entire information from single-
cell spectra

We then analyzed the entire information of the spectra
without autofluorescence subtraction. The spectra were
vector normalized before the analysis (Fig. 2 C). The
low-frequency changes at the baseline of the Raman sig-
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nals suggest that the baseline was composed mainly of
autofluorescence signals. Some biologically important
metabolites, including NADH, FAD, and oxidized lipids,
emit fluorescence in the visible wavelengths. Autofluores-
cence signals from these molecules carry information
about the cellular metabolic states. To visualize all of the
information in the Raman and autofluorescence spectra
and thus trace the differentiation pathway, we used a
SIMCA method (27) (Figs. 6 and S4). The spectra obtained
on day 0 were used as the model data in the SIMCA
analysis.

In the SIMCA plot using both Raman and autofluores-
cence information, the spectra on day O and day 6 were
almost completely separated. The spectra for day 12 were
distributed in an almost completely different region from
those for day 0 and day 6. Therefore, the undifferentiated
(day 0), medially differentiated (days 1-6), and well-differ-
entiated (day 12) states could be distinguished in the
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the spectra on day 1 and day 3 were well separated, but
the spectra on day 6 had returned to a region similar to
that occupied on day 1. This seemed to be caused by the
oscillating PC3 of the Raman dynamics (Fig. 5 C). How-
ever, by observing the PC1 and PC2 components of the
Raman dynamics, we could distinguish day 1 and day 6
(Fig. 5 A). SIMCA plots for the autofluorescence spectra
(Fig. S5) were similar to those obtained for the entire spectra
(Fig. 6). Thus, looking sterically at the phase spaces of
Raman and autofluorescence spectra, intersections in the
HRG-induced differentiation pathway of the MCF-7 cells
at days 0 and 6 in the Raman phase space (Fig. 5 A), and
at days 1 and 6 in the autofluorescence phase space
(Fig. S5) were separated to show a differentiation pathway
without looping. On both the leverage and residue axes
in the SIMCA plot, the spectra on day 6 showed large
deviations compared with those on the other days, and the
distribution on day 3 was separated into two fractions,
suggesting diversified pathways of cell differentiation
(Fig. 6 B).

In this study, we followed the HRG-induced differentiation
pathway of MCF-7 cells by measuring single-cell photoex-
cited emission spectra, including the Raman and autofluor-
escence components. Our goal was to characterize the
dynamics of the cell differentiation pathway in a multicom-
ponent space determined from single-cell spectra. This
would provide basic information for elucidating the cellular
internal dynamics of differentiation. The Raman spectrum
measurements of single living cells successfully detected
characteristic changes in the chemical components along
the differentiation pathway of a population of MCF-7 cells.
The fractions of various components in the cytoplasm of
cells, including nucleic acids, proteins, carbohydrates, and
lipids, changed dynamically. These dynamics could be
categorized into several different patterns, and no pattern
showed a monotonous increase or decline. Related to this
result, the pathway of differentiation was not straight
in the PC1/PC2 space of the Raman spectra. Instead, the
fractions of the major cytoplasmic components, including
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proteins and lipids, showed cyclic changes. The autofluores-
cence background of the Raman spectra also contained
information about the differentiation dynamics. Using the
entire information from the spectra, we were able to charac-
terize the differentiation dynamics of the MCF-7 cells in
multicomponent phase spaces.

Both the Raman and autofluorescence spectrum analyses
revealed that in the major PC space, the distributions of cell
population on each single day were wide, and the width of
the distribution was sometimes larger than the distances
between the averages for cells observed on different days
of the differentiation pathway. These large fluctuations
may be partly caused by the positional specificities of the
spectra in single cells. In recent measurements, however,
we observed similarly wide cell-to-cell fluctuations even
after we averaged the spectra across 15 different positions
in the cytoplasm of individual cells (S.T., S.M., Y.O., and
Y.S., unpublished). Therefore, it is plausible that the cellular
chemical components show large variations even among
clonal cells under the same culture conditions. This result
confirms the importance of single-cell measurements. There
may be multiple tracks in the differentiation pathway in
terms of the intracellular chemical components. It is at least
highly likely that individual cells proceed along the differ-
entiation pathway at various speeds. These effects might
split and widen the distributions on a single day (Fig. 6
B). The rather small contribution ratios of the first three
components (PC1-PC3) in the PCA reflect the large cell-
to-cell and day-to-day variations in the Raman spectra.

Genome-wide studies of the changes in gene expression
in MCF-7 cells in the early stage (until 72 h) of the HRG-
induced differentiation pathway have been performed
(28,29). Increases in the messenger RNA levels of some
transcription factors, including c-FOS, EGR4, and FOSL1,
began after only 1-2 h of stimulation with HRG. After 2—
8 h of stimulation, other early transcription factors (FHL2
and DIPA) showed peak expression. These transcription
factors induced transcription of immediate-early response
genes mainly during 1-12 hr of stimulation. At 24 h, expres-
sion of the early transcription factors returned to prestimu-
lation levels, and expression of a largely different set of
genes compared with those observed during the first day
was stimulated. If we assume a delay of 1-2 days from
gene expression to metabolite synthesis and degradation,
the switch in the gene-expression pattern observed between
the first and second days of HRG stimulation seems to relate
to the metabolite dynamics detected with Raman spectros-
copy, which showed two peaks for the different components
on day 1 and day 3 (Fig. 3 C). However, due to the highly
multicomponent regulation of gene expression even with
single transcription factors, along with the low resolution
of Raman spectroscopy in the species of chemical com-
pounds, it is difficult to correlate the dynamics of specific
elements in the genome and spectroscopic analyses. We
could not conduct genome analyses after 72 h.

Biophysical Journal 107(10) 2221-2229

Morita et al.

We found that, like the Raman signals, the autofluores-
cence signals carried information about cell differentiation.
The emission wavelength in our spectroscopic measure-
ments was in the region of 550-590 nm. The major com-
pounds of cells that show fluorescence emission in this
region are FAD, NADH, and lipofuscin. FAD and NADH
are involved in energy metabolism and the redox state of
cells. Lipofuscin is a metabolite formed by the hyperoxida-
tion of unsaturated lipids. Gene expression newly stimulated
by HRG, which induces changes in metabolic pathway and
oil drop formation, can cause dynamic changes in these
fluorescent metabolites. A SIMCA analysis of the total
photoexcited emission spectra showed increased diversity
in the middle stages (days 3 and 6) of cell differentiation
(Fig. 6 B). This diversification was not evident in the
SIMCA analysis of the Raman spectra (Fig. S4), suggesting
that it was mainly caused by differences in the energetic
and/or redox states of individual cells (Fig. S5). Therefore,
it is possible that cells can be in diverse states even when
the proportions of their chemical components are similar.

In this study, we observed the dynamics of the differen-
tiation pathway in a population of cells. In principle, the
Raman and photoluminescence analyses described here
can be extended to investigate the dynamics of cell differen-
tiation and other fate-transition pathways in single cells.
To that end, we must solve many problems inherent to
long-term cell culture and measurements made under a
microscope. Even if we could avoid photodamage during
spectrum acquisitions by using low-light illumination and
highly sensitive detectors, it would still be difficult to
establish stable cell culture conditions and automatic cell
tracking in the long term (e.g., for a week or more) under
a high-resolution microscope to observe the cell differenti-
ation pathway. If we can resolve these problems, we can
then examine how single-cell fates diverge under the same
environmental conditions and lead to individual and robust
cell-fate decisions.

SUPPORTING MATERIAL

Five figures, and one table are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(14)01051-0.
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Figure S1. Pretreatments of the photoluminescence spectrum for Raman spectrum
analysis

Dark count of the photo-detector was subtracted prior to the acquisition of raw photoluminescence spectra
(Fig. 1C in text). In each raw spectrum, 16 points at which Raman signal was small were selected (the
wave numbers were 560, 656, 710, 738, 772, 800, 906, 994, 1014, 1140, 1192, 1388, 1518, 1728, 1772,
and 1790 cm™). Raw signals at these points were connected linearly as the background autofluorescence
spectrum. (A) A typical raw spectrum (line) and its autofluorescence background spectrum (dotted line)
are shown. After subtraction of the autofluorescence spectrum from the raw spectrum, the remaining
spectrum was vector normalized for 616 points (2 cm™/pint) from 560 to 1790 cm™ (Fig. 2C). The
normalized spectra were used for Raman spectrum analysis. (B) Randomly selected 25 spectra after
autofluorescence subtraction (before vector normalization) are shown among total 243 spectra obtained
from cells at various days of differentiation. (The same set of spectra as shown in Fig. 2 is shown.)



Figure S2. Staining of oil droplets in the cytoplasm of differentiated MCF-7 cells
Cells at indicated days of HRG treatment were stained with BODIPY (Invitrogen) using the Adipocyte
Fluorescent Staining kit (Primary Cell, Sapporo, Japan). The upper rows show phase contrast images. The
lower rows show fluorescence images acquired at 470-490 nm excitation and 520-550 nm emission
wavelengths at the same observation fields in the upper rows. The high refractive index droplets detected
in the phase contrast images were oil droplets stained with BODIPY. Cells not stained with BODIPY had
no high refractive index droplets. Cells shown in day 12 (-HRG) were not incubated with HRG but with
the same amount of PBS (solvent for HRG). No droplet was observed both in phase contrast or
fluorescence images in cells without HRG treatment. Bar: 50 pum.
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Figure S3. Raman dynamics of cell differentiation in PC1/PC3 plane
Changes of PC3 scores with days of differentiation were plotted in PC1/PC3 plane. Each panel is for the
spectra obtained at the indicated day of differentiation (solid dots are for the indicated day, and open dots
are for other days for comparison). Oscillation of the PC3 scores is observed with time.
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Figure S4. SIMCA analysis and its application to the Raman spectra

(A) To visualize cell differentiation dynamics using entire information in the obtained spectrum, soft
independent modeling of class analogy (SIMCA) method was used (Wold 1976). SIMCA method
visualizes multi-component data in a two-dimensional plane. We used spectra obtained at day O as the
model spectra. For the model spectra, principle component analysis (PCA) was carried out, and a
hyperplane was determined by PC1-PC4 vectors for the total spectra (Fig. 6), while PC1-PC3 vectors
were used for the Raman spectra (Fig. S4B), to calculate the SIMCA plot. Averages of PC scores for the
model spectra were set to the coordinates of the origin in the hyperplane. For individual spectra (not only
for the model spectra but for all obtained spectra), absolute distance from the origin along the hyperplane
was calculated as the leverage value. The distance (absolute value) to the hyperplane from the spectrum
was calculated as the residue value. The values of leverage and residue were plotted in a two-dimensional
plane (SIMCA plot). Because SIMCA calculates absolute values for both leverage and residue, it detects
difference from the average of model spectra but not detects direction of the changes. Difference in the
leverage axis roughly means difference of the fractions of major chemical components observed at day 0.
Difference in the residue axis roughly means difference in the fractions of minor components and/or
appearance of new components. (B) SIMCA plot of Raman spectra at the indicated days (solid dots are
for the indicated day, and open dots are for other days for comparison). Values of residue changed back
and force with time, but changes of leverage were not evident. Distributions of the spectra at day 0 and
day 6 were different but not well separated. (C) Distributions of the leverage and residue values are
plotted with time of HRG treatment. Lines show changes of the average. Numbers are CV (coefficient of
variation) values to show the relative variations to the averages.
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Figure S5. SIMCA analysis of the autofluorescence spectra

SIMCA plot of the autofluorescence spectra at specific days (solid dots represent the indicated day, and
open dots represent other days for comparison). The hyperplane for the SIMCA plot was made by PC1
and PC2 of the autofluorescence data. The result was similar to that observed using the entire spectra (Fig.

6 in text) but with worse separation between day 0 and day 1.



Supplement table S1. Assignments of chemical components in Raman spectrum

Raman Shift DNA/RNA* Proteins’ Lipids* Carbohydrates'  Cytochrome c?
(cm™)
602 resonance Raman
620 C-C twist Phe
642 C-C twist Tyr
716 CN*(CHg)s str
748 resonance Raman
782 U, C, Tring br
810 O-P-0 str RNA
828 O-P-O asym str  ring br Tyr
852 ring br Tyr
876 C-C-N+symstr C-O-Hring
936 C-C BK str a-helix C-O-H glycos
980 C-C BK str B-sheet  C=H bend
1002 sym ring br Phe
1030 C-H in-plane Phe
1082 PO, str chain C-C str C-0O, C-Cstr
1128 C-N str C-Osstr resonance Raman
1156 C-C/C-N str
1174 C-H bend Tyr
1208 C-CgHs str Phe, Trp
1250 TA amide 111 =CH bend
1302 CH, twist
1312 resonance Raman
1318 G CH def
1338 A G CH def CH def
1448 G, A CH def CH def CH def CH def
1574 G, A
1586 resonance Raman
1604 C=C Phe, Tyr
1616 C=CTry, Trp
1658 amide | C=Cstr
1746 C=0 ester

aym, antisymmetrical; BK, backbone; br, breathing, def, deformations; glycos, glycoside bond; in-plane, in-plane
deformation; sym, syummetrical; str, stretching

! Parker, F. S. (1983), Takai, Y., et al. (1997), Notingher et al. (2004), Huang, Y.-S. et al. (2005)

Hu, S. et al. (1993), Ohshima et al (2010)
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