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Abstract
Nuclear and cytoplasmic morphological changes provide important information about cell

differentiation processes, cell functions, and signal responses. There is a strong desire to

develop a rapid and simple method for visualizing cytoplasmic and nuclear morphology.

Here, we developed a novel and rapid method for probing cellular morphological changes

of live cell differentiation process by a fluorescent probe, TAP-4PH, a 1,3a,6a-triazapenta-

lene derivative. TAP-4PH showed high fluorescence in cytoplasmic area, and visualized

cytoplasmic and nuclear morphological changes of live cells during differentiation. We dem-

onstrated that TAP-4PH visualized dendritic axon and spine formation in neuronal differenti-

ation, and nuclear structural changes during neutrophilic differentiation. We also showed

that the utility of TAP-4PH for visualization of cytoplasmic and nuclear morphologies of vari-

ous type of live cells. Our visualizing method has no toxicity and no influence on the cellular

differentiation and function. The cell morphology can be rapidly observed after addition of

TAP-4PH and can continue to be observed in the presence of TAP-4PH in cell culture

medium. Moreover, TAP-4PH can be easily removed after observation by washing for sub-

sequent biological assay. Taken together, these results demonstrate that our visualization

method is a powerful tool to probe differentiation processes before subsequent biological

assay in live cells.

Introduction
Cells regulate nuclear and cellular structures, such as shape and size, in response to signals and
differentiation. All tissues constituting organs differentiate from stem cells. Deficient or abnor-
mal differentiation frequently causes severe diseases. Morphological changes of the nucleus
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have been observed in most cancers. Alterations of nuclear morphology, including the size and
shape, are characteristic of the tumor type and stage [1]. Thus, analyzing nuclear morphologi-
cal changes is important for cancer diagnosis. In the field of hematology, analyzing the shape
and size of the nucleus and cytoplasm is an essential step to distinguish various types of cells
[2]. The morphological changes of leukocytes, such as neutrophils and monocytes, can provide
important information about the differentiation and pathologies of diseases such as leukemia
[3]. In addition, analyzing neuronal morphology, including axons and dendrites, is important
to understand the functions and differentiation of neurons and is required for diagnosis [4].
Therefore, analyzing cytoplasmic and nuclear morphologies in live cells is required for cancer
diagnosis and understanding cellular functions, signal responses, and differentiation processes.

To observe cellular morphological changes, specific visualization probes are required for the
cytoplasm and/or nucleus. There are many chemical fluorescent probes that specifically stain/
visualize cellular organelles such as the cell membrane, nucleus, Golgi apparatus, endoplasmic
reticulum (ER)[5], mitochondria, and lysosomes [6]. However, there are few reports of cyto-
plasmic specific visualization probes [7–9]. Moreover, there are no suitable chemical probes
that simultaneously visualize both cytoplasmic and nuclear morphological changes before sub-
sequent biological analysis. A compound targeting the cytoskeleton can visualize cellular mor-
phology, but it is unable to provide information about nuclear morphology [10]. One of the
advantages of a specific visualization probe for the cytoplasm is observation of both the cyto-
plasm and nucleus. To date, fusion fluorescent proteins and immunofluorescence labeling with
an antibody against proteins localized in the cytoplasm are used to visualize cytoplasm [11,
12]. However, it is not easy to introduce an expression plasmid into certain cell types including
non-adherent cells, primary cells, and stem cells. Furthermore, DNA transfection itself influ-
ences the cells. Thus, there is a strong demand for development of an efficient small chemical
probe to visualize cytoplasmic and nuclear morphologies in living cells.

Most of the previously reported chemical probes stain the cell organelles by irreversible pro-
cesses. The cells, which are stained by these probes, are difficult to be applied for other biologi-
cal analysis. Because biological samples collected from patients or animal models are quite
limited in cell number, transient and harmless visualization method is required. Here, we
report a novel fluorescent probe, a 1,3a,6a-triazapentalene derivative with a 4-biphenyl group,
namely TAP-4PH, as a powerful tool to transiently observe cytoplasmic and nuclear morpho-
logical changes in various types of live cells. Our novel and rapid method to visualize cellular
morphological changes by TAP-4PH enable us to probe cellular differentiation processes in
live cells before subsequent biological assay.

Materials and Methods

1.1. Cell culture
A549 human lung adenocarcinoma cells, H1299 human non-small cell lung carcinoma cells,
HeLa human cervical cancer cells, NT2 human teratocarcinoma cells, and HEK293 human
embryonic kidney cells were obtained from ATCC (Rockville, MD, USA) and grown in Dul-
becco’s modified Eagles medium (DMEM) supplemented with 10% FBS and penicillin/strepto-
mycin in a humidified atmosphere with 5% CO2. HL-60 human promyelocytic leukemia cells
and PC-12 rat pheochromocytoma cells were obtained from ATCC (Rockville, MD, USA) and
grown in RPMI-1640 medium supplemented with 10% FBS and penicillin/streptomycin or
RPMI-1640 medium supplemented with 10% horse serum, 5% FBS, and penicillin/streptomy-
cin. 3T3-L1 mouse fibroblasts were obtained from the Japanese Collection of Research Biore-
source Bank (Tokyo, Japan) and grown in DMEM supplemented with 10% bovine calf serum
and penicillin/streptomycin.
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1.2. Cell differentiation (PC-12, HL-60, and 3T3-L1)
PC-12 cells (1 × 105 cells) were seeded onto a type-IV collagen (Nitta Gelatin, Osaka, Japan)-
coated 35-mm glass bottom dish (Iwaki Glass, Chiba, Japan) with 2 ml of medium and incu-
bated for 24 h prior to differentiation. The cells were then induced to undergo neuronal
differentiation in RPMI-1640 medium containing 0.1% horse serum, 0.05% FBS, penicillin/
streptomycin, and 50 nM NGF (BD Biosciences).

HL-60 cells (1 × 106 cells) were seeded onto a 100-mm tissue culture dish with 10 ml of
medium or a μ-Dish 35-mm, ibiTreat, tissue culture-treated dish (ibidi, Munich, Germany)
with 2 ml of medium and incubated for 24 h before differentiation. The cells were then treated
with 1 μM all-trans retinoic acid (ATRA) (Sigma-Aldrich, St. Louis, MO) or 16 nM phorbol
12-myristate 13-acetate (PMA) (Sigma-Aldrich) to induce differentiation into neutrophil- or
macrophage-like cells for the indicated time.

3T3-L1 cells (1 × 105 cells) were seeded onto a μ-Dish 35-mm, ibiTreat, tissue culture-treated
dish and cultured to confluency. After 48 h of culture, the cells were induced to differentiate
into adipocytes by incubation in DMEM supplemented with 10% FBS, 1 μM dexamethasone
(Wako Chemical Industries, Ltd., Osaka, Japan), 0.5 mMmethylisobutylxanthine (Sigma), and
1 μg/ml insulin (Sigma-Aldrich).

1.3. Fluorescence spectroscopy
Fluorescence spectra of TAP-4PH (10 μM) in the indicated solutions were measured using a
Fluorescence Spectrophotometer F-4500 (Hitachi, Ltd., Tokyo, Japan) under the following con-
ditions. Excitation wavelength: 318 nm; scan speed: 1200 nm/min; excitation and emission slit:
5 nm; PMT voltage: 700 V. If necessary, salmon sperm DNA was added.

1.4. Fluorescence Microscopy analysis
Cells were seeded onto a μ-Dish 35-mm, ibiTreat, tissue culture-treated dish and cultured for
24 h prior to treatment. TAP-4PH was added to the culture medium, followed by incubation
for the indicated times. The cells were then observed by fluorescence microscopy. Cellular
organelle co-staining with the nucleus by acridine orange (Life Technologies, Carlsbad, CA) or
Nuclear Green LCS1 (abcam, Cambridge, MA), the Golgi apparatus by ViVidFluor Golgi
Green/Red (Wako Chemical Industries, Ltd., Osaka, Japan), and ER by ER Tracker Red
(Thermo Fisher Scientific, NH) was performed in accordance with the manufacturers’ instruc-
tions before addition of TAP-4PH to the medium. After staining with the indicated organelle
probes, the cells were treated with TAP-4PH for 30 min and then observed under a fluores-
cence microscope (Biorevo BZ-9000, Keyence, Osaka, Japan) using the following filter set:
DAPI-B (Ex360/40 Dm400 Em460/50) for detection of TAP-4PH, GFP (Ex470/40 Dm495
Em535/50) for detection of Golgi Green/Red, and TRITIC (Ex540/25 Dm565 Em605/55) for
detection of acridine orange and ER tracker red.

1.5. Cell proliferation assay
Cells (1 × 104/well) were seeded onto 96-well flat-bottomed plates with 100 μl of medium and
incubated for 24 h before TAP-4PH treatment. TAP-4PH was added at 10–50 μM, followed by
24 h of incubation. Cell viability was then measured by a Burker-truk line (Erma, Japan).

1.6. Flow cytometric analysis
HL-60 cells before and after differentiation into neutrophil-like cells were collected and washed
with PBS containing 2% FBS. The cells were treated with 50 μMTAP-4PH for 30 min at 37°C
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and then analyzed by flow cytometry (Gallios; Beckman Coulter, Miami, FL). To quantify cel-
lular uptake of TAP-4PH, 1 × 106 HL-60 cells were seeded onto a 35-mm tissue culture dish
with 2 ml of medium and incubated for 24 h. The cells were washed with PBS containing 2%
FBS and then incubated at 4°C for 30 min. TAP-4PH was added at a final concentration of
50 μM, followed by incubation for 30 min at 4°C. The cells were then collected and analyzed by
the Gallios flow cytometer.

1.7. Phagocytosis assay
The phagocytosis assay of HL-60 cells was performed using a Phagocytosis Assay kit (Cayman
Chemical CO., Ann Arbor, MI) according to the manufacturer’s protocol. Briefly, HL-60 cells
were differentiated into neutrophil-like cells with 1 μMATRA for 5 days. The cells were treated
with 50 μMTAP-4PH for 30 min, followed by washing to remove TAP-4PH from the cells.
Cells (1 × 106/well) were seeded onto 24-well plates with 2 ml of medium containing Latex
IgG-PE beads. After 24 h of incubation, the cells were collected and analyzed by the Gallios
flow cytometer.

1.8. Cell cycle analysis
Cell cycle analysis was performed as described previously [13]. Briefly, 1 × 106 HL-60 cells
were seeded on a 10-cm tissue culture dish with 10 ml of medium and incubated for 24 h before
TAP-4PH treatment. TAP-4PH was added to the culture medium at 10 μM, followed by incu-
bation for 48 h. The cells were then fixed and stained with PI/RNase buffer (BD Pharmingen,
San Diego, CA). DNA cell cycle analysis was performed by the Gallios flow cytometer.

Results
To apply a fluorescent probe to cell biological applications, the fluorescent compound should
be water soluble and small for cellular uptake and emit high fluorescence in an aqueous solvent.
We have previously designed and synthesized fluorescent 1,3a,6a-triazapentalene derivatives
(Fig 1a) that have a wide range of emission wavelengths [14–16]. Unlike other fluorescent
probes with a relatively large molecular size, 1,3a,6a-triazapentalenes have a unique compact
skeleton with a 10π-electron system and highly fluorescent chromophore. By applying 2- and
5-substituents, 1,3a,6a-triazapentalenes can be tuned for both fluorescence wavelength and
quantum yield. In addition, 1,3a,6a-triazapentalene can be synthesized by our efficient method
with an intermolecular cyclo-addition reaction in a single step.

The fluorescence excitation spectra of TAP-4PH were measured in various organic solvents
and water (Fig 1b). TAP-4PH showed high fluorescence in phosphate-buffered saline (PBS)
and organic solvents (λex/λem = 345 nm/456 nm). The fluorescence intensity in PBS was about
half of that in dichloromethane (DCM). Next, various types of cells, tumor-derived cell lines
(human lung cancer-derived A549, human cervical cancer-derived HeLa, human non-small
cell lung carcinoma-derived H1299, human germ cell embryonal carcinoma-derived NT2/D1)
and the human embryonic kidney cell line HEK293, were incubated with 10 μMTAP-4PH for
30 min at 37°C in fetal bovine serum (FBS)-containing medium and then observed by fluores-
cence microscopy (Biorevo BZ-9000, Keyence, Osaka, Japan). We found that TAP-4PH selec-
tively visualized the cytoplasm of all tested live cells (Fig 2). Co-staining with a nuclear-specific
probe confirmed that TAP-4PH selectively visualized the cytoplasm (S1 Fig). The cytotoxicity
of TAP-4PH in cells was analyzed by cell counting (Fig 3). TAP-4PH at 10 and 50 μM showed
no effect on the proliferation of A549 cells, indicating that TAP-4PH was suitable for live cell
imaging.

Cellular Morphology Visualization to Probe Cell Differentiation

PLOS ONE | DOI:10.1371/journal.pone.0160625 August 4, 2016 4 / 13



To analyze time-dependent incorporation of TAP-4PH, A549 cells were incubated with
10 μMTAP-4PH in culture medium for various times. As shown in Fig 4a, the fluorescence of
TAP-4PH was detected within 4.5 min. This result indicated that TAP-4PH was incorporated
into cells, and the fluorescence was detected in the cytoplasm within 5 min of incubation. The
TAP-4PH-treated A549 cells were washed with PBS three times and cultured in fresh medium
without TAP-4PH. After 5, 15, and 30 min, we obtained fluorescence images (Fig 4b). The fluo-
rescence intensity was decreased at 30 min after removing TAP-4PH from the culture medium.
This result indicated that the TAP-4PH incorporated into cells was removed by simply remov-
ing the compound from the medium.

To apply TAP-4PH imaging to analyze cell differentiation, we selected the rat pheochromo-
cytoma cell line PC-12 that can be differentiated into sympathetic neuron-like cells [17]. It is
important to visualize synapse formation and axonal regeneration to analyze the functions of
neuronal cells. However, small chemical probes, which stain and visualize synapses and axons
in live cells without toxicity, are not available. Therefore, immunostaining or transfection of a
fluorescent protein needs to be employed for visualization. PC-12 cells were induced to differ-
entiate by nerve growth factor (NGF). The cells at the indicated days after incubation with
NGF were treated with 50 μMTAP-4PH and then observed by fluorescence microscopy. As
shown in Fig 5 and S2 Fig, TAP-4PH fluorescence was detected from the cytoplasm to the
axons and synapses of differentiated PC-12 cells. Moreover, our probe visualized dendritic

Fig 1. Chemical structure and fluorescence emission spectra of TAP-4PH. a) Chemical structure of the 1,3a,6a-Triazapentalene
derivative TAP-4PH. b) Fluorescence emission spectra of TAP-4PH (10 μM) in aqueous and organic solvents. Green: acetonitrile; red:
dichloromethane; blue: acetone; magenta: PBS.

doi:10.1371/journal.pone.0160625.g001
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spines. It has been reported that dendritic spines act as chemically and electrically segregated
microcompartments [18, 19]. Thus, observing dendritic spine formation and morphology is
important to analyze synapse functions including long-term plasticity. This is the first demon-
stration of visualizing axons and synapses, including dendritic spines, by simply adding a small
fluorescent compound.

We applied our TAP-4PH visualization method to observe both cytoplasmic and nuclear
morphological changes in response to differentiation of the human promyelocytic leukemia
cell line HL-60. Because TAP-4PH showed high fluorescence at cytoplasmic area, TAP-4PH
can visualize both cytoplasmic and nuclear morphology at the same time. HL-60 cells can be
induced to differentiate into neutrophil- and macrophage-like cells by ATRA and PMA,
respectively [20–23]. The HL-60 cells were treated with 1 μMATRA for 5 days to differentiate
into neutrophil-like cells, and then their cytoplasm was visualized with 50 μMTAP-4PH (Fig
6a). ATRA treatment of HL-60 cells is known to cause dramatic morphological changes in the
nuclear structure from rounded nuclei to segmented or banded nuclei, which are characteris-
tics of neutrophil myelocytes. The TAP-4PH visualization method clearly determined nuclear
structural changes from the rounded nuclei of undifferentiated cells to the segmented or
banded nuclei of neutrophil-like cells (S3a Fig). In addition, unlike simple nuclear staining,
TAP-4PH also visualized the structure and size of the cytoplasm. We also detected the change
in cell size from undifferentiated cells to differentiated neutrophil-like cells. In the case of mac-
rophage-like differentiated HL-60 cells, TAP-4PH also visualized the cytoplasm of attached
macrophage-like HL-60 cells (S3b Fig). Our TAP-4PH staining method is a very simple and
efficient detection method for differentiation of cells.

Flow cytometric analysis of TAP-4PH-treated HL-60 cells was carried out. TAP-4PH fluo-
rescence was found in each undifferentiated HL-60 cell compared with control cells without
TAP-4PH (Fig 6b). Interestingly, ATRA-induced differentiated HL-60 cells showed weaker
intracellular luminescence than undifferentiated HL-60 cells. In response to differentiation
into neutrophil-like cells, there was a decrease in the size of HL-60 cells. Therefore, TAP-4PH

Fig 2. Live cell visualization of cytoplasm by TAP-4PH in various cell types. Luminescence images of live cells treated
with 10 μM TAP-4PH for 30 min at 37°C. Scale bar: 20 μm.

doi:10.1371/journal.pone.0160625.g002
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fluorescence from differentiated neutrophil-like cells might be lower than that from undiffer-
entiated cells.

After observing differentiation of the cells by TAP-4PH treatment, the compound was
removed from the cells that continued to grow without cytotoxicity (S4 Fig). To analyze the
effect of TAP-4PH visualization on the biological functions of cells, we compared the phago-
cytosis activity of differentiated HL-60 cells with and without TAP-4PH treatment. After dif-
ferentiation of HL-60 cells into neutrophil-like cells using ATRA, the cells were incubated
with 50 μM TAP-4PH for 30 min. The cells were washed with PBS three times and then incu-
bated in fresh medium with IgG-PE beads. After 24 h of incubation, the cells were analyzed
by flow cytometry (Fig 7). The phagocytosis activity of HL-60 cells pre-treated with TAP-
4PH was same as that of HL-60 cells without TAP-4PH. This result indicated that TAP-4PH
has no effect on cell viability or cellular functions. These properties of TAP-4PH are very use-
ful for transient cellular visualization. After addition of TAP-4PH and observing the cells,
the probe can be easily removed from the cells that continue to culture for subsequent
biological analysis. Taken together, our rapid and simple visualization method of cytoplasmic
and nuclear morphologies by TAP-4PH is a useful method to evaluate cell differentiation
processes.

Fig 3. Cell proliferation after treatment of A549 cells with TAP-4PH. Cell numbers were measured after
treatment with TAP-4PH for 24 h. Data represent the mean ± SE, n = 3.

doi:10.1371/journal.pone.0160625.g003
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Discussion
There have been some reports of cytoplasmic fluorescent probes [7–9]. However, the visualiza-
tion efficiency of these probes is not high and cannot clearly visualize the edge of cells. There-
fore, it is probably difficult to observe detailed morphological changes, especially the axons and
dendritic spines of neurons. Recently, a specific fluorescent probe to visualize neuronal cells
was developed by Er et al. [24]. Our probe can visualize both cytoplasmic and nuclear morpho-
logical changes in live cells at the same time. We successfully visualized the formation of axons
and dendritic spines of PC-12 cells during neuronal differentiation, as well as nuclear segmen-
tation of live HL-60 cells during neutrophilic differentiation using TAP-4PH. Furthermore,
after observing the cells, they could be cultured further to perform other biological assays. The
cell number can be limited in biological samples, especially in those collected from patients or
animal models. Thus, a small number of cells must be analyzed, which are often re-used for
other biological analyses after cell visualization/staining.

To understand the mechanism of cytoplasmic and nuclear visualization by TAP-4PH, tem-
perature-dependent cellular uptake of TAP-4PH was analyzed by flow cytometry (S5 Fig). HL-
60 cells incubated with TAP-4PH at a low temperature (4°C) exhibited lower cellular uptake of
TAP-4PH compared with incubation at 37°C. These results suggested that TAP-4PH entered
the cytoplasm in an energy-dependent manner. To further analyze the mechanism of TAP-
4PH visualization of cellular morphology, we performed co-staining with a commercial Golgi
marker and ER marker. TAP-4PH showed higher fluorescence in the Golgi and ER. However,
the fluorescence pattern did not completely match with those of the Golgi and ER probes (S6
Fig). TAP-4PH showed a ~2-fold higher fluorescence intensity in an organic solvent than in an
aqueous solvent (Fig 1). After entering cells, TAP-4PH showed higher fluorescence in the cyto-
plasm, including the Golgi and ER, than in the culture medium, probably because the hydro-
phobicity of the cytoplasm is higher than that of the medium. TAP-4PH exhibited strong

Fig 4. Time-dependent incorporation and distribution of TAP-4PH in A549 cells. a) Luminescence images of A549
cells incubated with 10 μM TAP-4PH for the indicated time periods. b) After incubation with 10 μMTAP-4PH for 30 min, the
cells were washed and then incubated in fresh medium without TAP-4PH (time 0 min). Confocal luminescence images were
taken after incubation for the indicated time periods. Scale bar: 20 μm.

doi:10.1371/journal.pone.0160625.g004
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fluorescence in lipid droplets of differentiated 3T3-L1 adipocytes (S7 Fig). Lipid droplets are
intracellular energy storage organelles consisting of a hydrophobic core of triglycerides and
steryl esters. These results also support that TAP-4PH can visualize cellular morphology
because of its fluorescence properties, namely exhibiting higher fluorescence in a hydrophobic
environment than in a hydrophilic environment. TAP-4PH fluorescence was not observed in
the nucleus, suggesting that TAP-4PH cannot enter the nucleus or the hydrophobicity of the

Fig 5. Fluorescence imaging of live cells during neuronal differentiation of PC-12 cells. PC-12 cells were induced to differentiate
into nerve cells by NGF. The cells at the indicated days after differentiation were treated with 50 μM TAP-4PH for 30 min. Top panels,
TAP-4PH; bottom panels, bright-field images. Scale bar: 20 μm.

doi:10.1371/journal.pone.0160625.g005
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nucleus is lower than that of the cytoplasm. We noted that the fluorescence emission spectrum
of TAP-4PH in the presence of DNA showed no difference from that without DNA, suggesting
that TAP-4PH was not quenched in the nucleus (S8 Fig). However, further studies will be
required to understand the [mechanism of cytoplasmic and nuclear visualization by TAP-4PH.

In conclusion, we have demonstrated that our novel and rapid cellular visualization method
by a 1,3a,6a-triazapentalene derivative, TAP-4PH, can monitor cell differentiation processes
without toxicity before subsequent biological assay. The utility of TAP-4PH for visualization of
cytoplasmic and nuclear morphologies of live cells was demonstrated in various cell types. In
addition, TAP-4PH can be removed after observation without any influence on cellular func-
tion. Taken together, TAP-4PH provides an easy and powerful tool to observe and monitor
live cell differentiation processes.

Fig 6. Fluorescence imaging and flow cytometric analysis of live cells during neutrophilic
differentiation of HL-60 cells. a) HL-60 cells were differentiated into neutrophil-like cells by ATRA for 6
days. The cells were treated with 50 μM TAP-4PH for 30 min. Left panels, bright field; middle panels, TAP-
4PH; right panels, merged images of bright field and TAP-4PH (cyan). Scale bar: 10 μm. b) Density plot
showing TAP-4PH fluorescence and forward scatter in HL-60 cells before (left) and after (right) ATRA-
induced differentiation. Black: undifferentiated HL-60 cells without TAP-4PH; blue: differentiated HL-60 cells
without TAP-4PH; red: undifferentiated HL-60 cells treated with 50 μM TAP-4PH; green: differentiated HL-60
cells treated with 50 μMTAP-4PH.

doi:10.1371/journal.pone.0160625.g006
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Supporting Information
S1 Fig. Co-staining with the nuclear staining probe acridine orange and TAP-4PH in A549
cells. Left panel, TAP-4PH; middle panel, acridine orange; right panel, merged images of TAP-
4PH (cyan) and acridine orange (magenta). Scale bar: 20 μm.
(TIF)

S2 Fig. TAP-4PH visualization of PC-12 cells.Merged bright-field and TAP-4PH fluorescent
(cyan) images of PC-12 cells.
(TIF)

S3 Fig. TAP-4PH visualization of HL-60 cells. (a) HL-60 cells before and after differentiation
into neutrophil-like cells by ATRA for 5 days. After differentiation, the cells were co-stained
with Nuclear Green LSC1 for nucleus and TAP-4PH. Left panels, TAP-4PH; middle panels,
Nuclear Green LSC1; right panels, merged images of TAP-4PH (cyan) and Nuclear Green
LSC1 (yellow). (b) HL-60 cells before and after differentiation into macrophage-like cells by
PMA for 48 h. After differentiation, the cells were treated with 50 μMTAP-4PH for 30 min
and then observed by fluorescence microscopy. Left panel, bright field; middle panel, TAP-
4PH; right panel, merged image of bright field and TAP-4PH (cyan). Scale bar: 20 μm.
(TIF)

S4 Fig. Cell cycle analysis of HL-60 cells after incubation for 48 h in the presence (left) or
absence (right) of 10 or 50 μMTAP-4PH. Data shown are representative of three indepen-
dent experiments.
(TIF)

Fig 7. Phagocytosis assay using IgG-coated PE beads.Representative histograms of PE fluorescence in
differentiated HL-60 cells without (red) and with (blue) TAP-4PH treatment. HL-60 cells in the absence of IgG-
coated PE beads are shown in the black-dotted line.

doi:10.1371/journal.pone.0160625.g007
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S5 Fig. Temperature-dependent cellular uptake of TAP-4PH.HL-60 cells were incubated
with 50 μMTAP-4PH for 30 min at 37 or 4°C. Cellular uptake of TAP-4PH was measured by
flow cytometric analysis. Data represent the mean ± S.D., n = 3. ��p< 0.005, Student’s t-test.
(TIF)

S6 Fig. Co-staining with Golgi apparatus and ER probes in A549 cells. A549 cells were
stained with a Golgi apparatus probe and ER probe, followed by treatment with 50 μMTAP-
4PH for 30 min. and then observed by fluorescence microscopy. Merged image was con-
structed with images of TAP-4PH (cyan), Golgi apparatus probe (yellow), and ER probe
(magenta). Scale bar: 20 μm.
(TIF)

S7 Fig. TAP-4PH visualization of differentiated 3T3-L1 adipocytes. 3T3-L1 cells were
induced to differentiate into adipocytes for 8 days. The cells were then treated with 50 μM
TAP-4PH for 30 min and observed by fluorescence microscopy. Scale bar: 10 μm.
(TIF)

S8 Fig. Fluorescence emission spectra of 10 μMTAP-4PH with the indicated concentra-
tions of DNA in PBS.
(TIF)

Acknowledgments
We would like to thank Center for Research and Education on Drug Discovery, Hokkaido Uni-
versity for allowing us to use flow cytometer (Gallios, Beckman Coulter).

Author Contributions

Conceived and designed the experiments: RK KS.

Performed the experiments: RK FT FK NK YC.

Analyzed the data: RK YC KS.

Contributed reagents/materials/analysis tools: AO KN KT.

Wrote the paper: RK KS.

References
1. Zink D, Fischer AH, Nickerson JA. Nuclear structure in cancer cells. Nat Rev Cancer. 2004; 4: 677–

687. doi: 10.1038/nrc1430 PMID: 15343274

2. D'Onofrio G., Zini G.,Morphology of the bloodOxford: Butterworth-Heinemann. 1998.

3. Li Q, Wang Y, Liu H, He X, Xu D, Wang J, et al. Leukocyte cells identification and quantitative mor-
phometry based on molecular hyperspectral imaging technology. Comput Med Imaging Graph. 2014;
38: 171–178. doi: 10.1016/j.compmedimag.2013.12.008 PMID: 24388381

4. Verkhratsky A, Rodriguez J, Parpura V. Neuroglia in ageing and disease. Cell Tissue Res. 2014; 357:
493–503. doi: 10.1007/s00441-014-1814-z PMID: 24652503

5. Meinig JM, Fu L, Peterson BR. Synthesis of Fluorophores that Target Small Molecules to the Endoplas-
mic Reticulum of Living Mammalian Cells. Angew Chem Int Ed Engl. 2015; 54: 9696–9699. doi: 10.
1002/anie.201504156 PMID: 26118368

6. Horobin RW, Rashid-Doubell F, Pediani JD, Milligan G. Predicting small molecule fluorescent probe
localization in living cells using QSARmodeling. 1. Overview and models for probes of structure, prop-
erties and function in single cells. Biotech Histochem. 2013; 88: 440–460. doi: 10.3109/10520295.
2013.780634 PMID: 23758207

Cellular Morphology Visualization to Probe Cell Differentiation

PLOS ONE | DOI:10.1371/journal.pone.0160625 August 4, 2016 12 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160625.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160625.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160625.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0160625.s008
http://dx.doi.org/10.1038/nrc1430
http://www.ncbi.nlm.nih.gov/pubmed/15343274
http://dx.doi.org/10.1016/j.compmedimag.2013.12.008
http://www.ncbi.nlm.nih.gov/pubmed/24388381
http://dx.doi.org/10.1007/s00441-014-1814-z
http://www.ncbi.nlm.nih.gov/pubmed/24652503
http://dx.doi.org/10.1002/anie.201504156
http://dx.doi.org/10.1002/anie.201504156
http://www.ncbi.nlm.nih.gov/pubmed/26118368
http://dx.doi.org/10.3109/10520295.2013.780634
http://dx.doi.org/10.3109/10520295.2013.780634
http://www.ncbi.nlm.nih.gov/pubmed/23758207


7. Yu M, Zhao Q, Shi L, Li F, Zhou Z, Yang H, et al. Cationic iridium(III) complexes for phosphorescence
staining in the cytoplasm of living cells. Chem Commun (Camb). 2008: 2115–2117. doi: 10.1039/
b800939b PMID: 18438486

8. Yuan YJ, Yu ZT, Cai JG, Zheng C, HuangW, Zou ZG. Water reduction systems associated with homo-
leptic cyclometalated iridium complexes of various 2-phenylpyridines. ChemSusChem. 2013; 6: 1357–
1365. doi: 10.1002/cssc.201300451 PMID: 23843363

9. Belitsky JM, Leslie SJ, Arora PS, Beerman TA, Dervan PB. Cellular uptake of N-methylpyrrole/N-
methylimidazole polyamide-dye conjugates. Bioorg Med Chem. 2002; 10: 3313–3318. PMID:
12150878

10. Hughes CC, MacMillan JB, Gaudencio SP, Fenical W, La Clair JJ. Ammosamides A and B target myo-
sin. Angew Chem Int Ed Engl. 2009; 48: 728–732. doi: 10.1002/anie.200804107 PMID: 19097126

11. Rao A, Richards TL, Simmons D, Zahniser NR, Sorkin A. Epitope-tagged dopamine transporter knock-
in mice reveal rapid endocytic trafficking and filopodia targeting of the transporter in dopaminergic
axons. FASEB J. 2012; 26: 1921–1933. doi: 10.1096/fj.11-196113 PMID: 22267337

12. Okabe S. Fluorescence imaging of synapse formation and remodeling. Microscopy (Oxf). 2013; 62:
51–62. doi: 10.1093/jmicro/dfs083 PMID: 23243097

13. Sakaguchi T, Mine K, Kudoh F, Kamada R, Sakaguchi K. Antiproliferative Activity of Silver Nanoplates
on Human Promyelocytic Leukemia Cell Lines. Chem Lett. 2015; 44: 327–329. doi: 10.1246/cl.141085
WOS:000350526600032

14. Namba K, Osawa A, Ishizaka S, Kitamura N, Tanino K. Direct synthesis of fluorescent 1,3a,6a-triaza-
pentalene derivatives via click-cyclization-aromatization cascade reaction. J Am Chem Soc. 2011; 133:
11466–11469. doi: 10.1021/ja203917r PMID: 21736311

15. Namba K, Mera A, Osawa A, Sakuda E, Kitamura N, Tanino K. One-pot synthesis of highly fluorescent
2,5-disubstituted-1,3a,6a-triazapentalene. Org Lett. 2012; 14: 5554–5557. doi: 10.1021/ol302668y
PMID: 23072579

16. Namba K, Osawa A, Nakayama A, Mera A, Tano F, Chuman Y, et al. Synthesis of yellow and red fluo-
rescent 1,3a,6a-triazapentalenes and the theoretical investigation of their optical properties. Chem Sci.
2015; 6: 1083–1093. doi: 10.1039/c4sc02780a

17. Vaudry D, Stork PJ, Lazarovici P, Eiden LE. Signaling pathways for PC12 cell differentiation: making
the right connections. Science. 2002; 296: 1648–1649. doi: 10.1126/science.1071552 PMID:
12040181

18. Yang Y, Wang XB, Frerking M, Zhou Q. Spine expansion and stabilization associated with long-term
potentiation. J Neurosci. 2008; 28: 5740–5751. doi: 10.1523/JNEUROSCI.3998-07.2008 PMID:
18509035

19. Segal M. Dendritic spines and long-term plasticity. Nat Rev Neurosci. 2005; 6: 277–284. doi: 10.1038/
nrn1649 PMID: 15803159

20. Birnie GD. The HL60 cell line: a model system for studying human myeloid cell differentiation. Br J Can-
cer Suppl. 1988; 9: 41–45. PMID: 3076064

21. Collins SJ. The HL-60 promyelocytic leukemia cell line: proliferation, differentiation, and cellular onco-
gene expression. Blood. 1987; 70: 1233–1244. PMID: 3311197

22. Huberman E, CallahamMF. Induction of terminal differentiation in human promyelocytic leukemia cells
by tumor-promoting agents. Proc Natl Acad Sci U S A. 1979; 76: 1293–1297. PMID: 286311

23. Rovera G, Santoli D, Damsky C. Human promyelocytic leukemia cells in culture differentiate into mac-
rophage-like cells when treated with a phorbol diester. Proc Natl Acad Sci U S A. 1979; 76: 2779–2783.
PMID: 288066

24. Er JC, Leong C, Teoh CL, Yuan Q, Merchant P, Dunn M, et al. NeuO: a Fluorescent Chemical Probe for
Live Neuron Labeling. Angew Chem Int Ed Engl. 2015; 54: 2442–2446. doi: 10.1002/anie.201408614
PMID: 25565332

Cellular Morphology Visualization to Probe Cell Differentiation

PLOS ONE | DOI:10.1371/journal.pone.0160625 August 4, 2016 13 / 13

http://dx.doi.org/10.1039/b800939b
http://dx.doi.org/10.1039/b800939b
http://www.ncbi.nlm.nih.gov/pubmed/18438486
http://dx.doi.org/10.1002/cssc.201300451
http://www.ncbi.nlm.nih.gov/pubmed/23843363
http://www.ncbi.nlm.nih.gov/pubmed/12150878
http://dx.doi.org/10.1002/anie.200804107
http://www.ncbi.nlm.nih.gov/pubmed/19097126
http://dx.doi.org/10.1096/fj.11-196113
http://www.ncbi.nlm.nih.gov/pubmed/22267337
http://dx.doi.org/10.1093/jmicro/dfs083
http://www.ncbi.nlm.nih.gov/pubmed/23243097
http://dx.doi.org/10.1246/cl.141085
http://dx.doi.org/10.1021/ja203917r
http://www.ncbi.nlm.nih.gov/pubmed/21736311
http://dx.doi.org/10.1021/ol302668y
http://www.ncbi.nlm.nih.gov/pubmed/23072579
http://dx.doi.org/10.1039/c4sc02780a
http://dx.doi.org/10.1126/science.1071552
http://www.ncbi.nlm.nih.gov/pubmed/12040181
http://dx.doi.org/10.1523/JNEUROSCI.3998-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18509035
http://dx.doi.org/10.1038/nrn1649
http://dx.doi.org/10.1038/nrn1649
http://www.ncbi.nlm.nih.gov/pubmed/15803159
http://www.ncbi.nlm.nih.gov/pubmed/3076064
http://www.ncbi.nlm.nih.gov/pubmed/3311197
http://www.ncbi.nlm.nih.gov/pubmed/286311
http://www.ncbi.nlm.nih.gov/pubmed/288066
http://dx.doi.org/10.1002/anie.201408614
http://www.ncbi.nlm.nih.gov/pubmed/25565332

