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1. General introduction

1.1. Adipocytes

Adipocytes are classified into white adipocytes, brown adipocytes, beige adipocytes, and pink
adipocytes. They play a crucial role in maintaining energy homeostasis and metabolism [1, 2] (Figure
1-1). White adipocytes have large unilocular lipid droplets and a small number of mitochondria. White
adipocytes store energy in the form of triacylglycerol and release it as fatty acids and glycerol during
periods of nutrient deficiency, thereby regulating the nutritional levels throughout the body [3]. White
adipocytes also regulate metabolism, inflammation, and appetite through the secretion of adipokines [4].
Obesity is caused by hyperplasia of white adipocytes due to hypertrophy of white adipocytes and
differentiation of preadipocytes, which occurs due to the accumulation of excess fat [5]. Hypertrophy of
white adipocytes undergo functional changes, exhibiting reduced signaling sensitivity, decreased
insulin-induced glucose uptake, diminished hormone-induced lipolysis, decreased adiponectin secretion,
and increased cytokine secretion. These changes can lead to immune cell infiltration and trigger
inflammation [6]. The disfunction of perivascular adipocytes leads to altered secretion of adipokines
and pro-inflammatory cytokines, increasing the risk of developing symptomatic cardiovascular diseases
[7]. Adipocytes release inflammatory cytokines and extracellular matrix (ECM) proteins, promoting
cancer growth [8, 9]. Additionally cancer cells promote the release of free fatty acids (FFAs) from white
adipocytes, which in turn enhances the proliferation and migration of cancer cells [10]. Furthermore it
has been shown that obese patients have worse clinical outcomes compared to non-obese patients [11,
12], suggesting that white adipocytes may be involved in the resistance to chemotherapy and
radiotherapy in cancer treatment [13—15]. Adipogenesis is a complex multistep process in which
preadipocytes differentiate into mature lipid-containing adipocytes. Adipogenesis includes a stage where
multipotent stem cells differentiate into unipotent preadipocytes, and a subsequent stage where

preadipocytes fully differentiate into mature adipocytes. Once multipotent stem cells commit to the



adipocyte lineage, they lose the ability to differentiate into other cell types, undergoing morphological
and functional changes regulated by numerous signaling pathways, transcription factors, and genes [16].
Adipogenesis is strictly regulated by transcriptional cascades and signaling pathways (Figure 1-2) [17].
In the early stage of differentiation, CCAAT/ enhancer binding protein  (C/EBPB) and C/EBP6 are
temporarily highly expressed. In the middle stage, C/EBPP and C/EBPS stimulate peroxisome
proliferator-activated receptor y (PPARY) and C/EBPa, which are crucial transcription factors for
adipogenesis. PPARy and C/EBPa cooperate to promote differentiation, and in the late stage of
differentiation, they facilitate the induction of several adipocyte-specific genes, including perilipin,
lipoprotein lipase (LPL), adipocyte protein 2 (aP2), and fatty acid synthase (FAS).

Brown adipocytes and beige adipocytes contain multilocular lipid droplets and numerous
mitochondria. They are important for thermogenesis, as they dissipate chemical energy in the form of
heat, playing a crucial role in body temperature and weight regulation [18]. Brown adipocytes develop
prenatally. In contrast, beige adipocytes are induced from white adipocytes or preadipocytes in response
to stimuli such as cold exposure, exercise, and endocrine hormones [19]. The mechanism by which beige
adipocytes emerge is referred to as "beiging" or "browning." The differentiation mechanisms of beige
adipocytes are gaining attention due to their potential applications in obesity treatments. However,
excessive browning can have detrimental effects. It has been shown that browning of white adipocytes
occurs in the early stages of cancer cachexia [20]. In cancer-associated cachexia, characterized by the
wasting of skeletal muscle and adipose tissue, the ability of brown and beige adipocytes to dissipate
energy as heat is suggested to contribute to a negative energy balance in patients with cancer cachexia.

Pink adipocytes differentiate from white adipocytes during pregnancy and produce milk [21].
Pink adipocytes form milk-secreting alveoli. Pink adipocytes are characterized by abundant intracellular
organelles, including lipid droplets, cytoplasmic projections, mitochondria, peroxisomes, and rough

endoplasmic reticulum, and have an epithelial cell-like structure. After lactation, pink adipocytes can



transdifferentiate into white adipocytes and brown adipocytes [22]. The loss of PPARy expression in
mammary secretory epithelial cells has been shown to create a microenvironment that promotes breast
cancer [23], and PPARYy is identified as a key factor in the transdifferentiation of pink adipocytes to
white adipocytes [24]. Understanding the mechanisms of reversible transdifferentiation from white
adipocytes to pink adipocytes could elucidate the biology of breast cancer. Dysfunction of adipocyte
differentiation and function can lead to diseases such as obesity and cancer, it is important to elucidate
the mechanisms controlling adipocyte differentiation and function for the development of therapeutic
strategies.

In recent years, subtypes of adipocytes with distinct functions have been identified [25]. In
mouse adipose tissue, multiple adipocyte populations have been identified, each having distinct gene
expression profiles and differing responses to metabolic and inflammatory cytokines, insulin, and
growth hormones [26]. Subtype of white adipocytes have also been reported in mice fed a high-fat diet
[27]. Two subtypes of brown adipocytes with differing expression levels of adiponectin, a type of
adipokine produced by adipocytes, have been reported in the interscapular brown adipose tissue of mice
[28]. Adipog” brown adipocytes have lower expression levels of thermogenic genes and reduced
mitochondrial content compared to Adipog"#" brown adipocytes. Unlike the typical beige adipocytes
induced by B-adrenergic receptor (B-AR) signaling in the inguinal white adipose tissue of mice, a
subtype of beige adipocytes that is independent of B-AR signaling, known as glycolytic beige fat (g-
beige fat), has been identified [29]. g-beige fat is characterized by high glucose catabolism. Multiple
populations of beige adipocytes have been reported in mature adipocytes subjected to cold exposure and
B3-adrenergic agonist stimulation [30]. Furthermore multiple subtypes of adipocytes with distinct gene
expression profiles and functions have been reported in humans as well [31-33]. Obesity presents
challenges in providing appropriate treatment options due to the variability in individual metabolic states.

Therefore, elucidating the functions of diverse adipocyte subtypes is crucial for understanding individual



metabolic states and providing tailored treatment options.

1.2. Lipid droplets

Lipid droplets are intracellular organelles that serve as energy storage, consisting of a core of
lipid esters surrounded by a monolayer of phospholipids [34, 35] (Figure 1-3). In adipocytes, lipid
droplets are primarily composed of triacylglycerols. However, in many cell types, lipid droplets coexist
with triacylglycerols and sterol esters in various ratios [36]. The biosynthesis of lipid droplets begins
with the synthesis of triacylglycerols and sterol esters in the endoplasmic reticulum (ER), leading to the
formation of neutral lipid lenses [37]. The expansion of the neutral lipid lens leads to the budding of
lipid droplets from the ER membrane. Several ER membrane proteins, such as fat storage-inducing
transmembrane protein 2 (FIT2) and Seipin, are suggested to play important roles in this budding process,
although the detailed mechanisms remain unclear. After budding, lipid droplets continue to expand.
They grow through the fusion of two lipid droplets, a process regulated by the cell death-inducing
DFF45-like effector (CIDE) protein family members CIDEA, CIDEB, and CIDEC, as well as the PAT
protein family member perilipin 1 [38]. In adipose tissue, CIDEC and perilipin | interact to promote the
fusion of lipid droplets [39, 40]. However, the mechanisms of lipid droplet fusion remain unclear.
Perilipin 1 localizes to the surface of lipid droplets and protects from lipolysis by inhibiting the access
of lipases to the lipid droplets [41]. Perilipin 1 knockout mice exhibit a lean phenotype, demonstrating
that perilipin 1 is a key protein responsible for lipid storage [42]. On the other hand, during lipolysis,
perilipin 1 is phosphorylated by protein kinase A (PKA), which activates lipolysis [43]. The
phosphorylation of perilipin 1 may play an important role in the regulation of both lipid droplet
formation and lipolysis.

Lipid droplets are associated with various intracellular organelles [44]. The contact between

lipid droplets and mitochondria serves as a site for both lipogenesis and lipolysis. During nutrient



deficiency, fatty acids released from lipid droplets are utilized for energy production via -oxidation and
the citric acid cycle in mitochondria. In contrast, in brown adipocytes, p-oxidation decreases while

adenosine triphosphate (ATP) synthesis increases in mitochondria associated with lipid droplets.

1.3. Ser/Thr phosphatase PPM1D

Ser/Thr phosphatase PPM 1D (Wip1, PP2Cd) belongs to the PPM1 family, which is a group of
Mn*'/Mg*" dependent Ser/Thr phosphatases [45]. PPMID has been identified as a protein that is
induced in a p53-dependent manner as a tumor suppressor protein [46]. PPM1D inactivates the p53
pathway through the dephosphorylation of p53 and other proteins involved in the p53 pathway [47, 48],
serving as a negative feedback regulator of the p53 pathway (Figure 1-4). PPM1D possesses a proline-
rich P-loop and a basic amino acid-rich B-loop, both of which are crucial for substrate recognition and
enzyme functionality (Figure 1-5).

PPM1D is known as an oncogene due to its gene amplification and protein overexpression
observed in many malignancies [49, 50]. Our laboratory has shown that PPM1D is involved in the
promotion of nucleolus formation, which is one of the markers of cancer [51]. On the other hand,
PPMI1D is involved in various biological functions [52], and immune deficiencies and abnormalities in
spermatogenesis have been reported in PPMI1D knockout mice [53]. Our laboratory has also
demonstrated that PPM 1D exerts an inhibitory effect on neutrophil differentiation [54]. Additionally it
has been reported that the tumor suppression is enhanced in neutrophils lacking PPM1D [55], suggesting
that PPM1D plays a significant role in the regulation of neutrophil differentiation and function. Our
laboratory has also reported that PPM1D is involved in the regulation of NT2 cell differentiation [56].

PPM1D has been suggested to be involved in metabolism. In apolipoprotein E (ApoE)
knockout mice, atherosclerosis is induced. However, in ApoE and PPM1D double knockout mice, both

atherosclerosis and macrophage lipid accumulation are suppressed. Furthermore, PPM1D knockout



mice show reduced weight gain and inhibition of fat accumulation when fed a high-fat diet [57]. It has
been reported that PPM1D knockout mice exhibit insulin resistance [58], suggesting that PPM1D is
involved in maintaining glucose homeostasis. In obese model mice, it has been reported that the
expression level of PPM1D increases [59], suggesting that PPM1D is involved in obesity. Furthermore
our laboratory has reported that the inhibition of PPM1D suppresses white adipocyte differentiation in
3T3-L1 cells [60], suggesting that PPM1D is involved in metabolic regulation through the control of
white adipocyte differentiation.

Our laboratory is developing PPM1D-specific inhibitors and has successfully developed a
potent PPM1D inhibitor, SL-176 [61] (Figure 1-6). SL-176 exhibits a higher inhibitory effect on
PPM1D phosphatase activity compared to previously reported PPM 1D inhibitors such as GSK2830371
and SPI-001 [62]. Furthermore, it shows minimal inhibitory effects on other PPM1 family members like
PPMI1A and on PPP family proteins such as PP1 and PP2A, demonstrating its high specificity for
PPMI1D. Furthermore, it has been reported that intraperitoneal injection of SL-176 in nude mice with
xenografted medulloblastoma and neuroblastoma, which show PPM 1D overexpression, results in tumor
growth inhibition [63]. This suggests that SL-176 may be effective as an anticancer agent against cancers

characterized by PPM 1D overexpression.

1.4. Cell imaging

Fluorescent probes are widely used in the study of intracellular biochemical events. These
probes include fluorescent proteins, quantum dots, and organic dyes. Organic small molecules are one
of the important fluorescent probes, as they can be used for real-time analysis of cells and are relatively
easy to use [64]. Furthermore, fluorescent probes allow for the simultaneous detection of multiple probes,
making them an effective means for analyzing dynamic changes in living cells. Various fluorescent

probes targeting specific organelles, such as LipiDye [65] and CellVue Kit for Fluorescent Cell Linker



[66], have been reported for live-cell imaging. Probes have also been developed to visualize cellular
functions, such as the Cellular Thermoprobe for Fluorescence Ratio [67] for measuring intracellular
temperature, Ap3 and SHG Imaging Dye [68] for detecting membrane potential, and Ageladine A [69]
for detecting pH changes. However, methods that visualize cellular states without dependence on

specific organelles or pH remain to be developed.

1.5. 1,3a,6a-triazapentalene (TAP) compounds

1,3a,6a-triazapentalene (TAP) is a compact 10zn-system aromatic compound, and a simple
synthesis method via click reactions has been reported [70] (Figure 1-7). TAP derivatives are highly
sensitive small molecules that exhibit solubility in aqueous solvents, allowing for the control of their
fluorescent properties by substitution. Substituents at the C2 position of TAP allow for the modulation
of fluorescence wavelength, with electron-withdrawing substituents causing a red shift in wavelength
as the strength of the inductive effect increases. Substituents at the C5 position of TAP can control the
quantum yield, and the introduction of electron-donating substituents significantly enhances
fluorescence intensity with minimal impact on fluorescence wavelength [71]. Substituents at the C4
position can provide further red shifts and enhance brightness, with the introduction of a phenyl group
leading to a significant increase in the extinction coefficient [72]. Electron substituents at the C6 position
induce a red shift in fluorescence wavelength and alter the quantum yield depending on the substituents
at the C2 position, while electron-withdrawing substituents at the C6 position can quench fluorescence
[73]. Introducing electron-withdrawing group at the C3 position allows for the synthesis of TAP
derivatives that emit strong fluorescence [74]. A number of fluorescent probes suitable for cellular use
have been synthesized from TAP derivatives. Our laboratory has reported that TAP-4PH, which contains
a biphenyl group, is a novel fluorescent probe that exhibits fluorescence in the cytoplasm of living cells

[75]. TAP-2CY4E1, which contains a 3-cyano benzoic acid moiety, has been reported to be taken up by



living cells and is usable as a fluorescent probe [76]. Furthermore various TAP derivatives with diverse
properties have been reported, including the thiol-specific fluorescent labeling reagent TAP-VK1, which
contains a vinyl ketone [77], and 2-p-nitrophenyl-TAP, which exhibits photo-induced cytotoxicity [78].
TAP derivatives allow for modulation of fluorescent properties and are highly useful fluorescent small

molecules for use in living cells.

1.6. Deep learning for cell recognition

Deep learning has garnered significant attention in recent years for image analysis in the
biosciences [79]. Deep learning refers to a set of machine learning techniques, specifically neural
networks, that learn effective representations of data at multiple levels of abstraction. Common tasks
related to images in biosciences include: Unsupervised image exploration: comparing features of image
collections to identify morphological changes in cells during image-based drug screening; Image
classification: predicting labels for images, such as determining whether stem cells have undergone
differentiation; Image segmentation: identifying parts of an image corresponding to individual objects,
such as recognizing single cells within images; Object tracking: tracking objects, like single cells within
living embryos, across frames in a video. These applications highlight the versatility and impact of deep

learning techniques in advancing research in the biosciences [80].
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Figure 1-1. Adipocyte classification.

Adipocytes are classified into white, brown, beige, and pink adipocytes [2]. White adipocytes have
unilocular lipid droplets, store and release energy. Brown and beige adipocytes are high mitochondrial
contents and dissipate chemical energy in the form of heat. Pink adipocytes contain milk droplets and

secrete milk.
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Figure 1-2. Transcriptional cascade of white adipocyte differentiation.

Preadipocytes receive differentiation stimuli, the expression of transcription factors C/EBPP and
C/EBPS is induced, which in turn regulate the expression of PPARy and C/EBPa. PPARy and C/EBPa

control the expression of downstream genes responsible for regulating adipocyte functions [17].
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Figure 1-3. Structure of lipid droplets.

Lipid droplets are responsible for energy storage, composed of a core of lipid esters surrounded by a

phospholipid monolayer [44].
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Figure 1-4. Functions of PPM1D on p53 pathway.

In p53 pathway, ATM/ATR, Chkl/Chk2, and p38 activate the tumor suppressor protein p53 by
controlling its phosphorylation levels, thereby inducing cell cycle arrest or apoptosis. PPM1D is induced
in a p53-dependent manner and inactivates the p53 pathway by dephosphorylating p53 and proteins
involved in the p53 pathway. PPM1D serves as a negative feedback regulator of the p53 pathway [47,
48].
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Figure 1-5. (A) Schematic structure of mouse PPM1D598. (B) AlphaFold structure of PPM1D

catalytic domain.

PPM1D has a P-loop, a proline-rich region, and a B-loop, a region rich in basic amino acids. These
regions are characteristic features of PPM1D and are important for substrate recognition and the

enzyme's function.
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Figure 1-6. Structure of PPM1D-inhibitor SL-176.

SL-176 is a PPM1D-specific inhibitor with a molecular weight of 456.7. The in vitro ICso of SL-176 is
110 £ 12.9 nM, and it potently and specifically inhibits the phosphatase activity of PPM1D [61].
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Figure 1-7. Structure of 1,3a,6a-triazapentalene.

1,3a,6a-triazapentalene is a compact 10n-electron aromatic compound [70].
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1.7. Aim of this study

As described above, adipocytes are responsible for maintaining energy homeostasis and
regulating metabolism. Abnormal differentiation and function of adipocytes are implicated in obesity,
obesity-related diseases, and even cellular carcinogenesis [5, 7-9]. Understanding the mechanisms
underlying their differentiation, maturation, and functional regulation is crucial for developing
therapeutic strategies for obesity-related diseases and cancers. Lipid droplets are intracellular organelles
that store energy [34, 35]. Excessive formation of lipid droplets causes hypertrophy of white adipocytes
and leads to obesity. Elucidating the mechanisms of lipid droplet formation is important for the
development of obesity treatments. However, the molecular mechanisms involved in lipid droplet
formation and fusion remain unclear. Perilipin 1, localized on the surface of lipid droplets, is known to
regulate lipid droplet formation [38—42]. It has been suggested that the phosphorylation of perilipin 1
plays an important role in this process [43]. On the other hand, the phosphatases involved in the
dephosphorylation of perilipin 1 remain largely unknown. Identifying the dephosphorylation pathways
targeting perilipin 1 and the associated phosphatases is therefore crucial for understanding the regulation
of lipid droplet formation. PPM1D regulates metabolism and cell differentiation [56—59]. Furthermore,
PPMID is suggested to be involved in the regulation of adipocyte differentiation [60]; however, the
precise mechanisms of this regulation remain unclear. In particular, investigating how PPM1D interacts
with key signaling pathways during adipocyte differentiation could provide new insights into its
regulatory role. Moreover, elucidating the functional implications of PPM1D in adipocyte maturation
may uncover novel therapeutic targets for metabolic disorders.

To elucidate the molecular mechanisms that regulate adipocyte differentiation and maturation,
it is essential to identify and analyze the differentiation and maturation states of adipocytes at the single-
cell level. For this purpose, it is required to develop fluorescent probes that exhibit fluorescence broadly

throughout the cell rather than in specific organelles, and whose fluorescence characteristics change

16



according to the cellular states. Furthermore, for continuous cell observation, fluorescence probes that
can be removed from cells after observation and do not affect cellular function are desirable. TAP
derivatives allow for the control of fluorescence properties through substituents [71-74], and a variety
of fluorescent probes that are usable in cells have been synthesized [75—78]. Therefore, they are highly
useful fluorescent small molecules for the development of cell identification methods. Deep learning,
which has garnered significant attention in bioscience image analysis, is capable of extracting features
and patterns from large amounts of data [79, 80]. Accordingly, deep learning can extract cellular
characteristics from cell staining images using TAP derivatives and enable cell identification.

In this study, I elucidated the regulatory mechanisms of adipocyte differentiation and
maturation mediated by PPM1D. Additionally, I developed a novel TAP derivative that visualizes the
diverse states of cells and established a method for identifying cells at the single-cell level through

multiplex staining with TAP derivatives and deep learning.
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2. Regulation of adipocyte differentiation and lipid droplet formation by PPM1D

2.1. Abstract

White adipocytes contain large lipid droplets, store and release energy, and secrete multiple
hormones. Excessive formation of lipid droplets, which are responsible for energy storage, leads to
hypertrophy of white adipocytes and contributes to obesity. Understanding the mechanisms of adipocyte
differentiation and lipid droplet formation is crucial for the developing effective obesity treatments.
Ser/Thr phosphatase PPM1D is involved in various physiological functions, including metabolism and
immune responses. Our laboratory has demonstrated that the addition of the PPM1D inhibitor SL-176
during the induction of white adipocyte differentiation significantly suppresses this process. This study
highlights the novel functions of PPM1D in regulating white adipocyte differentiation and lipid droplet
formation.

PPM1D knockdown during white adipocyte differentiation showed that adipocyte
differentiation was inhibited in the early phase by PPM1D inhibition. By inhibiting PPMI1D in a
differentiation stage-dependent manner, it was revealed that PPM1D regulates lipid droplet formation
through the control of adipocyte differentiation in the early stage, while it is involved in differentiation-
independent lipid droplet formation in the middle and late stages. Inhibition of PPM1D in mature white
adipocytes led to the formation of multilocular lipid droplets with reduced size. Analysis of function of
PPMI1D on perilipin 1, which regulates lipid droplet formation, showed that PPM1D controls lipid
droplet formation through dephosphorylation of perilipin 1 at Ser511. Furthermore, although
mitochondrial activity significantly increased in PPM1D-inhibited mature white adipocytes, there was
no change in the expression levels of beige adipocyte differentiation markers. These findings suggest
that PPM1D-inhibited mature white adipocytes may differentiate into a novel subtype with
characteristics resembling beige adipocytes. These results indicate that PPM 1D has novel functions in

adipocyte differentiation and lipid droplet formation.
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2.2. Introduction

White adipocytes are important cells that store and release energy, secrete hormones, and play
a critical role in maintaining energy homeostasis [1, 2]. Excessive fat accumulation leads to hypertrophy
and hyperplasia of white adipocytes through the differentiation of preadipocytes, which leads to obesity
[3]. Therefore, elucidating the mechanisms of differentiation and maturation of white adipocytes is
important for developing effective obesity treatments.

The differentiation of white adipocytes is tightly regulated by transcriptional cascades and
signaling pathways. The most frequently used in vitro model to study adipogenesis is 3T3-L1 cells,
immortalized murine cells derived from Swiss 3T3 mouse embryos [4]. 3T3-L1 cells differentiate into
white adipocytes in response to stimulation by the peptide hormone insulin, the synthetic glucocorticoid
dexamethasone, and the cAMP enhancer 3-Isobutyl-1-methylxanthine (IBMX) [5]. Upon differentiation
stimuli, the transcription factors C/EBP and C/EBPS are induced, which in turn regulate the expression
of PPARY and C/EBPa, key transcription factors critical for adipocyte differentiation [6, 7]. PPARy and
C/EBPa regulate each other's expression [8], and control the expression of genes involved in lipid
droplet formation, including perilipin 1 and Fat-specific protein 27 (FSP27) [9].

Lipid droplets store lipids and play a crucial role in cellular energy metabolism [10]. In mature
white adipocytes, lipid droplets are involved in the storage of energy and respond to lipolytic stimulation
to regulate the accumulation and release of fat. Therefore, it is important to elucidate pathways for lipid
droplet formation that are independent of adipocyte differentiation. Lipid droplets are present in various
cell types, and the size of these droplets is associated with various diseases, including cancer, obesity,
and diabetes [11, 12]. Lipid size is involved in lipolysis and lipophagy in hepatocytes [13]. Lipolysis
has been reported to target larger lipid droplets compared to smaller lipid droplets, while smaller lipid
droplets have also been reported to promote lipolysis [14]. These findings suggest that lipolysis is not

solely dependent on lipid droplet size. However, it remains unclear how lipid droplet size and lipolysis
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are regulated in different cell types.

In mature white adipocytes, various proteins localize to the surface of lipid droplets and
regulate their fusion, fission and lipolysis. Perilipin 1 localizes to the surface of lipid droplets and
regulates lipid droplet fusion while preventing lipase binding during lipolysis [15]. The C-terminal
region of perilipin 1 has been reported to contain multiple phosphorylation sites, which are suggested to
regulate its function. It has been reported that perilipin 1 is phosphorylated by PKA in response to
lipolytic stimuli via adrenergic receptors, promoting lipolysis [16]. It has been reported that PP1 is
involved in the dephosphorylation of perilipin 1, although the specific target sites remain unknown [17].
Furthermore, the enzymes involved in the dephosphorylation of perilipin 1 in lipid droplet formation
have not yet been identified.

Beige adipocytes have multilocular lipid droplets and numerous mitochondria, and they are
involved in thermogenesis [18]. Mitochondria localize the mitochondrial brown fat uncoupling protein
1 (UCPI1), which uncouples oxidative phosphorylation and electron transport to facilitate ATP-
independent thermogenesis [ 19]. Beige adipocytes are induced from preadipocytes and white adipocytes
in response to stimuli such as cold exposure, exercise, and endocrine hormones [20]. The characteristic
properties of beige adipocytes induced in response to stimuli have attracted much attention and are
expected to elucidate the regulatory mechanism of beige adipocyte induction and to develop into an
obesity treatment method. Recently, various subtypes of adipocytes with distinct gene expression and
functions have been discovered [21]. Obesity presents challenges in providing appropriate treatments
due to the variability in individual metabolic states. Understanding the functions of diverse adipocyte
subtypes can aid in developing therapies informed by an understanding of individual metabolic
conditions.

Ser/Thr phosphatase PPM1D has been identified as a p53-inducible phosphatase that is

involved in maintaining cellular homeostasis through negative feedback of the p53 pathway [22-24].
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PPMI1D is involved in metabolism. In ApoE deficient mice, atherosclerosis is induced; however, in
ApoE and PPM1D double knockout mice, both atherosclerosis and macrophage lipid accumulation are
suppressed. Additionally, PPM1D knockout mice exhibit reduced weight gain and fat accumulation
when subjected to a high-fat diet [25]. It has been reported that PPM 1D expression levels are increased
in obesity model mice [26], suggesting that PPM1D plays a role in fat accumulation and obesity.
Furthermore our laboratory has demonstrated that the addition of the potent and specific PPM1D
inhibitor SL-176 [27] to 3T3-L1 cells inhibits white adipocyte differentiation and reduces lipid droplet
content and size [28]. These results suggest that PPM1D is involved in adipocyte differentiation and
lipid droplet formation.

In this study, I elucidated the role of PPM1D in adipocyte differentiation and lipid droplet

formation.
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2.3. Experimental procedures

2.3.1. Cell lines and materials

3T3-L1 mouse fibroblasts were obtained from the Japanese Collection of Research
Bioresource (JCRB, Tokyo, Japan). PPM1D inhibitor SL-176 was obtained from Laboratory of Organic
Chemistry II (Faculty of Science, Hokkaido University). SL-176 was dissolved in ethanol (EtOH, Wako
Pure Chemical Industries, Osaka, Japan, Cat. 054-07225) to prepare a 8 mM stock solution. Insulin
(Sigma-Aldrich, St. Louis, MO, USA, Cat. 10516-5ML) was 10 mg/mL stock. Dexamethasone (Wako
Pure Chemical Industries, Osaka, Japan, Cat. 047-18863) was dissolved in EtOH to prepare a 10 mM
stock solution. 3-Isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich, St. Louis, MO, USA, Cat. 15789-
250MGQG) was dissolved in dimethyl sulfoxide (DMSO, Wako Pure Chemical Industries, Osaka, Japan,
Cat. 045-28335) to prepare a 100 mM stock solution. Control siRNA (Invitrogen, Waltham, MA, USA,
Cat. 12935-300) and mouse PPM1D (744-768) siRNA were 20 uM stock. Plasmids containing the
Venus-NLS-2A-perilipin 1(S511A/D) vectors were used for transient expression of perilipin 1 Ser511A
and Ser511D mutants. The plasmids contained Venus-NLS and perilipin 1 (S511A) or perilipin 1
(S511D) linked by a 2A self-processing peptide. Plasmids were dissolved in TE (pH8.0) to prepare a 0.4
mg/mL stock solution. Monodansylpentane (MDH, AUTODOT, Abgent, San Diego, CA, USA, Cat.
SM1000a) was dissolved in DMSO to prepare a 0.1 M stock solution. MitoTracker Red CM-H»Xros
(Invitrogen, Waltham, MA, USA, Cat. M7513) was dissolved in DMSO to prepare a 1 mM stock

solution.

2.3.2. Cell manipulation
3T3-L1 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich,
St. Louis, MO, USA, Cat. D5796-500ML) supplemented with 10% v/v Newborn Calf Serum (NBCS,

Thermo Fisher Scientific, Waltham, MA, USA, Cat. 16010159) at 37°C in an atmosphere of 5% CO..
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3T3-L1 cells were seeded at a density of 8 x 10* cells or 2.0 x 10° cells per 35 mm dish or 1.6 x 10*
cells in 24-well plates. Two days after 100% cell confluence (day 0), the cells were cultured in
differentiation medium (MDI) [DMEM containing 10% v/v fetal bovine serum (FBS) with 100 units/mL
penicillin and 100 pg/mL streptomycin (P/S, Thermo Fisher Scientific, Waltham, MA, USA, Cat. 15140-
122) with 1.0 pg/mL insulin, 1.0 uM dexamethasone, and 0.5 mM IBMX]. Cells were placed in
adipocyte maintenance medium (DMEM containing 10% FBS with P/S and 1.0 pg/mL insulin) on day
1. Media were exchanged to adipocyte maintenance medium every 2 days until day 8 of induction of
differentiation. For experiments with the PPM 1D inhibitor (SL-176), the cells were treated with 15 uM
SL-176 for the indicated time.

For transient transfection of siRNA for PPM1D, 3T3-L1 cells detached with Trypsin-EDTA
(0.25%), phenol red (Trypsin-EDTA, Thermo Fisher Scientific, Waltham, MA, USA, Cat. 25200056)
The cells were suspended in DMEM 10% NBCS and centrifuged at 1,000 rpm for 5 min, then remove
the solution. After adding 2 mL of phosphate buffer saline (PBS), the cells were resuspended and counted.
The required number of cells was transferred to a 50 mL conical tube, centrifuged again at 1,000 rpm
for 5 min, and remove the solution. The cells were resuspended in Resuspension buffer and transferred
to a microtube. Control siRNA or mouse PPM1D (744-768) siRNA was added, the cells were then
electroporated at 1,300 V, 20 ms using the Neon Transfection System (Thermo Fisher Scientific,
Waltham, MA, USA). After electroporation, the cells were seeded in 24-well plate in DMEM
supplemented with 10% NBCS. After 48 h, the cells were cultured in a differentiation medium and
cultured as described above.

For the experiments involving overexpression of perilipin 1, 3T3-L1 cells were seeded at a
density of 8 x 10* cells per 35-mm dish and induced to differentiate. On day 3 of differentiation, 3T3-
L1 cells were washed with PBS twice then add 100 pL of Trypsin-EDTA and incubated at 37°C for 5

min. Once the cells detached, resuspended in 750 puL of Opti-MEM (Thermo Fisher Scientific, Waltham,
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MA, USA, Cat. 31985-070) and centrifuge at 1,400 rpm for 5 min then remove the solution. 3T3-L1
cells were resuspended in 200 pL of Opti-MEM containing 20 pg of perilipin 1 expression plasmids.
The cells were then electroporated at 500 uF/160 V using the Bio-Rad Gene Pulser Xcell System (Bio-
Rad, Hercules, CA, USA). After electroporation, the cells were seeded on micro cover glass (Matsunami
Glass Industries, Osaka, Japan, Cat. 83-0205) in 35-mm dish in DMEM supplemented with 10% FBS
and 1.0 pg/mL insulin. After 24 h, the cells were washed with PBS twice and cultured in an adipocyte
maintenance medium for 2 days. Then transfer the micro cover glass to 24-well plate, the cells were

fixed, and the size of the lipid droplets (LDs) was analyzed.

2.3.3. RT-qPCR

3T3-L1 cells were seeded at the density of 2.0 x 10° cells per 35 mm dish or 1.6 x 10* cells in
24-well plates and cultured as described above. Cells were washed with PBS and lysed with TRIzol
reagent (Thermo Fisher Scientific, Waltham, MA, USA, Cat. 15596-026). For the purification of total
RNA, to the collected 1 mL of TRIzol solution, 200 pL of chloroform (Kanto Chemical, Tokyo, Japan,
Cat. 07278-00) was added, and to 500 pL of TRIzol solution, 100 pL of chloroform was added. After
mixing well, the solution was centrifuged at 15,000 rpm for 2 min at 4°C to separate the aqueous and
organic layers. The upper aqueous layer was collected, and 500 pL of 2-Propanol (Wako Pure Chemical
Industries, Osaka, Japan, Cat. 168-21675) was added to it, followed by thorough mixing and
centrifugation at 15,000 rpm for 15 min at 4°C. After confirming the RNA precipitation and pellet
formation, the supernatant was removed. The pellet was washed with 80% EtOH/UltraPure Distilled
Water (Invitrogen, Waltham, MA, USA, Cat. 10977-015), centrifuged at 15,000 rpm for 5 min at 4°C,
and the supernatant was removed. This washing step was performed twice. The pellet was then dried for
about 10 min until it became clear. 10 or 20 pL of UltraPure Distilled Water was added to dissolve the

pellet, which was incubated at 55°C for 5 min, and then immediately placed on ice. The absorbance of
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this RNA solution was measured at 260 nm with a spectrophotometer to quantify the RNA concentration.
The RNA concentration for each sample was normalized to 100 ng/uL. Total RNA was then reverse
transcribed using the PrimerScript II 1st strand cDNA Synthesis Kit (TaKaRa, Kusatsu, Japan, Cat.
6210A) with Random 6 mers. To each well of an 8 strips PCR tube, 3 uL. of RNase free dH»O, 1 pL of
Random 6 mers, 1 pL of ANTP Mixture, and 5 pL of 100 ng/uL. RNA were added. The mixture was
incubated at 65°C for 5 min using a Thermal Cycler, and then immediately placed on ice. Subsequently,
to each well, a buffer mixture was added (4 pL of 5% PrimeScript II buffer, 0.5 uL of RNase Inhibitor,
1 uL of PrimeScript II RTase, and 4.5 uL of RNase free dH,O). Reverse transcription was performed
using a Thermal Cycler at 30°C for 10 min, 42°C for 60 min, and 75°C for 15 min. Quantitative PCR
was performed to each well of a 96-well plate for PCR reactions, 5 uL. of PowerUp SYBR Green Master
Mix (Thermo Fisher Scientific, Waltham, MA, USA, Cat. A25742), 2 pL of cDNA, 1 pL of primer, and
2 uL of H>O were added and react with a CFX96 Touch Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA) The primers used for quantitative PCR were as follows: PPM1D forward,
GATGTATGTAGCGCATGTAGGTG; PPMID reverse, GTTCTGGCTTGTGATCTTGTGT; perilipin
1 forward, GGGACCTGTGAGTGCTTCC; perilipin 1 reverse, GTATTGAAGAGCCGGGATCTTTT;
PPARy forward, CCATTCTGGCCCACCAAC; PPARy reverse, AATGCGAGTGGTCTTCCATCA;
C/EBPa. forward, CAAGAACAGCAACGAGTACCG; C/EBPa reverse,
GTCACTGGTCAACTCCAGCAC; UCPI1 forward, AGGCTTCCAGTACCATTAGGT; UCPI reverse,
CTGAGTGAGGCAAAGCTGATTT, CIDEA forward, TGCTCTTCTGTATCGCCCAGT; CIDEA
reverse, GCCGTGTTAAGGAATCTGCTG; actin forward, GGCTGTATTCCCCTCCATCG; actin

reverse, CCAGTTGGTAACAATGCCATGT.

2.3.4. Oil red O staining

3T3-L1 cells were cultured at the density of 8 x 10* cells per 35 mm dish. The Oil Red O

33



solution constituted 0.3% Oil Red O (Wako Pure Chemical Industries, Osaka, Japan, Cat. 154-02072)
/2-propanol (Nacalai, Kyoto, Japan, Cat. 29113-53): H,O in the ratio 6:4 and was filtered through a 0.45
pum PVDF filter (Millipore, Burlington, MA, USA, Cat. SLHVXI3NL). Then, 5% v/v 60% 2-
propanol/H>O was added to the filtered solution. After day 8 or day 15 of differentiation, cells were
washed with PBS once, then fixed with 10% neutral-buffered formalin (Wako Pure Chemical Industries,
Osaka, Japan, Cat.062-01661) for 30 min, washed with PBS once, and 60% 2-propanol/H,O once, and
then added to an Oil Red O solution for 30 min. After staining, the cells were washed with 60% 2-
propanol/H>O three times. Cells were added PBS, photographs of the stained dish were taken using
scanner GT-X900 (EPSON, Nagano, Japan). After drying the dishes overnight, extraction of Oil Red O
was performed with 100% 2-propanol, once for 60 min and twice for 10 min. For quantification, the

absorbance of Oil Red O extract was measured at 490 nm with a microplate reader.

2.3.5. Lipid droplet imaging and quantification

3T3-L1 cells were seeded at a density of 1.6 x 10* cells on micro cover glass in a 24-well plate
and cultured as described above. On day 8 or day 15 of differentiation, transfer the micro cover glass to
24-well plate, cells were washed with PBS twice, then fixed with 10% neutral-buffered formalin for 1
h, washed with PBS three times. Cells were permeabilized with 0.2% Triton X-100 (Nacalai, Kyoto,
Japan, Cat. 355-01) /PBS for 15 min, washed with PBS three times, then incubated with 10 uM
MDH/PBS for 30 min, washed with PBS three times. Mounted a micro cover glass onto a microscope
slide (Matsunami Glass Industries, Osaka, Japan, Cat. SO318) and then observed via fluorescence
microscopy (BZ-9000, KEYENCE, Osaka, Japan) using a DAPI filter (Ex360/40 Dm400 Em460/50).

The diameter of the LDs was measured in nine images of MDH-stained cells (approximately
100-200 cells). The LDs in the images were circled and painted black using PowerPoint. Figures that

overlapped with each other were removed. The images obtained were used as the binarized images. The
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size of the circles was measured using Image J. For the experiments involving overexpression of

perilipin 1, the cells that showed Venus fluorescence were analyzed.

2.3.6. Mitochondria imaging

3T3-L1 cells were seeded at a density of 2.0 x 10° cells in a 35-mm high p-Dish (ibidi GmbH,
Germany, Cat. ib81156) and cultured as described above. After differentiation for 8 days followed by
treatment with SL-176 for 7 days, cells were washed with PBS and incubated with 500 nM MitoTracker
Red CM-H2Xros/Opti-MEM for 30 min at 37°C. After incubation, cells were washed with PBS twice,
then add Opti-MEM and observed via fluorescence microscopy (BZ-9000) using a TRITC filter

(Ex540/25 Dm565 Em605/55).

2.3.7. Lipolysis assay

3T3-L1 cells were seeded at a density of 2.0 x 10° cells in a 35-mm high p-Dish or 4.0 x 10*
cells in 24-well plates, and cultured as described above. After differentiation for 8 days followed by
treatment with SL-176 for 7 days, the cells were washed with PBS and treated with Lipolysis medium
[DMEM, 2% fatty acid (FA)-free BSA (Sigma-Aldrich, St. Louis, MO, USA, Cat. A1595-50ML), 10
UM isoprenaline hydrochloride (Sigma-Aldrich, St. Louis, MO, USA, Cat. 15627-5G)/H,0]. The cells
were observed using BZ-9000 at the indicated time points.

For the quantification of free glycerol and FAs, after 1 h of incubation with lipolysis medium,
the cells were incubated in measurement medium (DMEM, 2% FA-free BSA), and the amount of free
glycerol and FAs released in the supernatant at 0.5, 1, 2, and 4 h was analyzed using free glycerol reagent
(Sigma-Aldrich, St. Louis, MO, USA, Cat. F6428-40ML) and LabAssay NEFA kit (Wako Pure

Chemical Industries, Osaka, Japan, Cat. 294-63601), respectively.
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2.3.8. Protein purification

His-PPM1D(1-413) was expressed in E. coli BL21 (DE3) pLysS cells and purified by affinity
purification and gel filtration, as previously described [27]. The cell pellets were lysed using a French
press and then TALON resins (Clontech, Mountain View, CA, USA) with an elution buffer (25 mM
HEPES-NaOH pH 6.8, 150 mM imidazole, 200 mM NaCl, 1 mM MgCl,, 10% glycerol, and 0.005%
Triton X-100) and were used to purify His-PPM1D(1-413). His-PPM1D(1-413) was further purified
using a HiTrap Q FF (GE Healthcare, Chicago, IL, USA) column and eluted with IEX start buffer and
IEX elution buffer, followed by Superdex 75 (GE Healthcare Bioscience, Chicago, IL, USA) column
with SEC elution buffer (25 mM HEPES-NaOH pH 6.8, 500 mM NaCl, 1 mM MgCl., 10% glycerol,

and 0.005% Triton X-100).

2.3.9. In vitro phosphatase assay

The phosphopeptides perilipin  1(487—-498, 492pS) [Ac-WGPARRVS(P)DSFFRP-NH;],
perilipin 1(506-517, 511pS) [Ac-WGGRAQYS(P)QLRKKS-OH], and perilipin 1(506-517, 517pS)
[Ac-WGGRAQYSQLRKKS(P)-OH] were synthesized using Fmoc-standard chemistry and purified.
The phosphatase activity of PPM1D was assayed by measuring the absorbance of the released p-
nitrophenol or free phosphate by BIOMOL GREEN (Enzo Life Sciences, Farmingdale, NY, USA).
Briefly, all assays were carried out using 50 mM Tris-HCI1 pH 7.5, 50 mM NaCl, 0.1 mM EGTA, 0.02%
2-mercaptoethanol, 30 mM MgCl,, 40 uM substrate peptide with His-PPM1D(1-413) (2, 5, and 10 nM)
for 25 min at 30°C. The number of phosphatases released was calculated using a standard phosphatase

curve.

2.3.10. Statistical analysis

Statistical analysis was performed by one-way analysis-of-variance (ANOVA) followed by
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Tukey’s post-hoc test, Wilcoxon Rank Sum test, or Student’s ¢-test using R version 4.2.1 (https://www.r-
project.org/ (accessed on 23 June 2022)) [29]. For all comparisons, a p value of < 0.05 was considered

statistically significant. * p < 0.05, ** p <0.01, *** p <0.001.
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2.4. Results

2.4.1. Effects of PPM1D knockdown on white adipocyte differentiation

To clarify the role of PPM1D in white adipocyte differentiation, PPM1D was knocked down
in the adipocyte differentiation model cell line 3T3-L1, and white adipocyte differentiation was induced.
The mRNA expression levels of PPM1D, the transcription factor PPARy, which regulates adipocyte
differentiation, and perilipin 1, a downstream gene of PPARY that controls lipid droplet formation, were
analyzed using RT-qPCR. The results showed that in the siPPM1D condition, the mRNA expression of
Ppmidwas reduced by 50% compared to siCtrl (Figure 2-1). The mRNA expression of Pparg decreased
by approximately 50% in siPPM1D on differentiation day 1. The mRNA expression of Plinl decreased
by about 50% in siPPM1D on differentiation day 3.

PPMI1D knockdown reduced the mRNA expression of Pparg, a transcription factor that
regulates adipocyte differentiation, which may have contributed to the decreased expression of its
downstream gene, Plinl. These results indicate that PPM1D is involved in promoting white adipocyte
differentiation by regulating the mRNA expression levels of PPARy, a key transcription factor in

adipocyte differentiation.
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Figure 2-1. Effect of PPM1D knockdown on Pparg and Plinl expression levels.
3T3-L1 cells were transfected with Control siRNA (siCtrl) or mouse PPM1D siRNA (siPPM1D) and

seeded. After 48 h, the cells were cultured in differentiation medium. The mRNA expression levels of
Ppmld, Pparg, and Plinl were analyzed using qPCR in 3T3-L1 cells on day 0, 1, 3, 5, and 8 of
differentiation induction. The data was normalized by actin mRNA expression and expressed as fold
change. Values are presented as the mean + S.D. of three independent samples. Significance was

analyzed by using Student’s ¢-test. * p <0.05, ** p <0.01, *** p <0.001.
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2.4.2. Time-dependent analysis of PPM1D-inhibition in lipid droplet formation

To elucidate the function of PPMI1D at each differentiation stage of white adipocyte
differentiation, the PPMI1D inhibitor SL-176 was used to specifically inhibit PPM1D during the
differentiation period (Figure 2-2A). To analyze the effect on lipid droplet formation, the amount of
lipid droplets on day 8 of differentiation was quantified using Oil Red O staining. As a result, the
condition where SL-176 was added from day O to day 8 of differentiation (All) showed a 30% reduction
in the amount of lipid droplets compared to Ctrl (Figure 2-2B, C). In the conditions where SL-176 was
added from day 0 to day 3 (Early), from day 3 to day 6 (Middle), and from day 3 to day 8 (Middle-Late),
the amount of lipid droplets decreased to 80% of the Ctrl, and in the condition where SL-176 was added
from day 0 to day 5 (Early-Middle), it decreased to 60%. On the other hand, no change in lipid droplet
amount was observed in the condition where SL-176 was added from day 5 to day 8 (Late).

As a result of quantifying the lipid droplet size on the 8 days of differentiation, the average
lipid droplet size (LD size) in the condition where SL-176 was added from day 0 to day 8 (All) decreased
to 1.30 um, compared to the average value of 2.6 um in the Ctrl (Figure 2-3, Table 2-1). In the conditions
where SL-176 was added from day 0 to day 3, from day 3 to day 6, and from day 0 to day 5, the lipid
droplet sizes decreased to 1.76 um, 1.73 um, and 1.33 um, respectively. In the conditions where SL-176
was added from day 5 to day 8 and from day 3 to day 8, the lipid droplet sizes slightly decreased to 2.33
um and 1.91 um, respectively.

Inhibition of PPM1D during the early stages of white adipocyte differentiation significantly
reduces both the amount and size of lipid droplets, whereas inhibition of PPM1D during the later stages
does not affect the amount of lipid droplets but does reduce their size. These findings demonstrate that
PPM1D regulates lipid droplet formation through different pathways in the early and late stages of white

adipocyte differentiation.
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Figure 2-2. Effect on lipid contents by the differentiation stage-dependent PPM1D inhibition [30].

(A) Experimental design. (B) Oil red O-stained phase-contrast images of 3T3-L1 adipocytes
differentiation day 8. 3T3-L1 cells were cultured in differentiation medium with the addition of SL-176
(15 uM) on the indicated days. (C) Absorbance of Oil red O extract was measured at 490 nm. Data are
presented as the mean + S.D. values and were obtained from three independent samples in each condition.
Significance was analyzed by using one-way ANOVA with a post hoc Tukey’s multiple-comparison test.

**% p <0.001, n. s., not statistically significant compared with the Ctrl group.
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Figure 2-3. Effect on lipid droplet size by the time-dependent PPM1D inhibition [30].

(A) Lipid droplet imaging of 3T3-L1 adipocytes differentiation day 8 stained by MDH. 3T3-L1 cells
were cultured in differentiation medium with the addition of SL-176 (15 uM) on the indicated days.
MDH, Ex 360/40 nm, Em 460/50 nm. Scale bar: 10 um. (B) Violin plot of size distribution of lipid
droplets of 3T3-L1 adipocytes. Data were obtained from three independent experiments of 3T3-L1 cells.
Significance was analyzed by using Wilcoxon Rank Sum Test. *** p < 0.001, compared with the Ctrl

group.
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Table 2-1. Average size of lipid droplets (LDs) in 3T3-L1 adipocytes treated with SL-176 [30].

Average size' Size distribution of LDs (%)*

[pm] 0-2pm 2-4pm 4-6pm 6-8pm >8pum

Ctrl  2.60+£0.03 46.6 37.7 10.7 3.1 1.9
Day 0-8 1.30+0.02 88.2 11.4 0.3 0.0 0.0
Day 0-3 1.76 +0.02 71.9 232 3.7 0.3 0.3
Day 3-6 1.73 +£0.02 72.7 229 34 0.2 0.2
Day 5-8 2.33+0.03 52.8 34.7 9.5 0.6 0.6
Day 0-5 1.33+£0.02 85.0 13.4 1.5 0.1 0.1
Day 3-8 1.91 +0.02 68.3 24.4 5.4 0.5 0.5

! Average size of LD. Data are presented as the mean + S.E. of values obtained via three independent
samples in each condition. Significance was analyzed by using Wilcoxon Rank Sum Test and shown in
Figure 2-3B. % LD size distribution in 3T3-L1 cells treated with SL-176. LD diameters were calculated

using ImagelJ software.
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2.4.3. Time-dependent analysis of adipogenic transcription factor expression under stage-specific
PPM1D inhibition

We analyzed the mRNA expression levels of transcription factors that regulate adipocyte
differentiation by adding SL-176 at differentiation stage-specific time points to inhibit PPM1D, using
RT-qPCR. The results showed that in the conditions where SL-176 was added from day 0 to day 3 (Early)
and from day 0 to day 5 (Early-Middle), the mRNA expression levels of PPARy and C/EBPa were
significantly reduced compared to the Ctrl (Figure 2-4). On the other hand, in the conditions where SL-
176 was added from day 3 to day 6 (Middle) and from day 3 to day 8 (Middle-Late), the mRNA
expression level of PPARy was reduced compared to the Ctrl up to day 5, but by day 8, it was at a similar
level to the Ctrl. The mRNA expression level of C/EBPa was also decreased compared to the Ctrl. In
the condition where SL-176 was added from day 5 to day 8 (Late), the mRNA expression level of PPARy
was similar to that of the Ctrl. However, the mRNA expression level of C/EBPa was reduced compared
to the Ctrl.

It was found that the inhibition of PPMI1D during the early stages of white adipocyte
differentiation suppresses the expression of transcription factors that regulate adipocyte differentiation.
Additionally, PPM1D inhibition during the middle and late stages of differentiation was shown to
slightly suppress the expression of these transcription factors.

These results suggest that the inhibition of PPM 1D during the early stages of white adipocyte
differentiation suppressed the induction of transcription factors that regulate adipocyte differentiation,
leading to a reduction in the amount and size of lipid droplets due to inhibited lipid droplet formation.
In contrast, during the middle stages of differentiation, the inhibition of PPM1D resulted in a smaller
suppression of the induction of these transcription factors compared to early-stage inhibition, yet there
was still a reduction in lipid droplet amount and size. These findings suggest that PPM 1D controls the

induction of transcription factors that regulate adipocyte differentiation in the early stages, whereas in
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the middle stages, it regulates lipid droplet formation independently of adipocyte differentiation.

2.4.4. Effects of PPM1D inhibition on lipid droplets in mature white adipocytes

To clarify the differentiation-independent function of PPMI1D in lipid droplet formation, I
inhibited PPM1D in mature white adipocytes. After inducing differentiation of 3T3-L1 cells into white
adipocytes, SL-176 was added and the cells were treated with SL-176 for 7 days and quantified lipid
droplet size. The average size for the Ctrl was 5.47 pm, while the average size in the SL-176-treated
group was 2.50 um (Figure 2-5A, B, Table 2-2). Interestingly, inhibition of PPM1D resulted in a
significant decrease in lipid droplet size. However, when quantifying lipid droplet quantity, there was
no change between the Ctrl and SL-176-treated groups (Figure 2-5C).

Inhibition of PPM1D in mature white adipocytes resulted in a significant decrease in lipid
droplet size, while the amount of lipid droplets remained unchanged. These findings suggest that

PPM1D positively regulates the size of lipid droplets independently of differentiation.

2.4.5. Lipolysis of lipid droplets produced upon PPM1D inhibition

To elucidate the effect of smaller-sized lipid droplets formed by the inhibition of PPM1D in
mature white adipocytes on lipolysis, a lipolytic stimulus was applied. Observation of the lipid droplets
revealed a reduction in droplet size in both the Ctrl and SL-176 conditions following the lipolytic
stimulus (Figure 2-6A). Quantification of Free Glycerol and Free Fatty Acid, which are produced during
lipolysis, showed that the amount of Free Fatty Acid after 4 hours of lipolytic stimulation was reduced
in the SL-176 condition compared to the Ctrl (Figure 2-6B).

These findings suggest that the smaller-sized lipid droplets formed by the inhibition of PPM1D

exhibit slight resistance to lipolysis.
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Figure 2-4. Effect of the time-dependent PPM1D inhibition on Pparg and Cebpa expression levels
[30].

3T3-L1 cells were cultured in differentiation medium with the addition of SL-176 (15 pM) on the
indicated days. The mRNA expression levels of Pparg and Cebpa were analyzed using qPCR in 3T3-
L1 cells on day 0, 1, 3, 5, and 8 of differentiation induction. The data was normalized by actin mRNA
expression and expressed as fold change. Values are presented as the mean + S.E.M. of three independent
experiments. Significance was analyzed by using one-way ANOVA with a post hoc Tukey’s multiple-

comparison test. * p <0.05, *** p <0.001, compared with the Ctrl group.
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Figure 2-5. Effect on lipid droplets of mature white adipocytes by inhibition of PPM1D [30].

(A) Lipid droplet imaging of PPM1D-inhibited 3T3-L1 adipocytes stained by MDH. 3T3-L1 cells were
differentiated into adipocytes for 8 days followed by treatment of SL-176 (15 uM) for 7 days. MDH, Ex
360/40 nm, Em 460/50 nm. Scale bar: 10 um. (B) Violin plot of size distribution of lipid droplets of
3T3-L1 adipocytes. Data were obtained from three independent experiments of 3T3-L1 cells.
Significance was analyzed by using Wilcoxon Rank Sum Test. *** p < (0.001. (C) Oil red O-stained
phase-contrast images and absorbance of Oil red O extract was measured at 490 nm. Data are presented
as the mean + S.D. values and were obtained from three independent samples. n. s., not statistically

significant by Student’s #-test.
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Table 2-2. The average size of lipid droplet (LD) in mature 3T3-L1 cells treated with SL-176 [30].

Average size' Size distribution of LDs (%)*
[pm] 0-2pm 24pm 4-6pm 6-8pm >8pum
Ctrl 5.47+0.10 19.4 27.2 17.8 13.1 22.5
SL-176 2.50 £0.05 53.7 33.1 8.4 2.7 2.1

! Values are presented as the mean + S.E. of values obtained via three independent samples in each
condition. ? Significance was analyzed by using Wilcoxon Rank Sum Test and shown in Figure 2-5B.

LD size distribution in 3T3-L1 cells treated with SL-176. LD diameters were calculated using ImageJ

software.
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Figure 2-6. Effect of lipolysis on PPM1D-inhibited adipocytes [30].

(A) Cell images of 3T3-L1 adipocytes differentiation day 15 during lipolysis. 3T3-L1 cells were
differentiated into adipocytes for 8 days followed by treatment of SL-176 (15 uM) for 7 days, then
incubated with lipolysis medium for 2 and 4 h. Scale bar: 20 um. (B) The amount of free glycerol and
FA of 3T3-L1 adipocytes. Cells were differentiated into adipocytes for 8 days followed by treatment of
SL-176 (15 uM) for 7 days, then incubated with lipolysis medium for 1 h. After incubation, changed
with measurement medium and incubated for the indicated time. Data were obtained from three
independent experiments of 3T3-L1 cells. Data are presented as the mean + S.D. values and were
obtained from three independent samples. Significance was analyzed by using Student’s #-test. * p <

0.05; n.s., not statistically significant.
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2.4.6. Function of PPM1D via dephosphorylation of perilipin 1 on lipid droplet formation

To elucidate the mechanism by which PPM 1D regulates lipid droplet formation, the function
of PPM1D concerning perilipin 1, which positively regulates lipid droplet formation, was analyzed. First,
to determine the effect of PPM1D inhibition on the expression level of perilipin 1 in mature white
adipocytes, SL-176 was added to 3T3-L1 adipocytes for 7 days, and RT-qPCR was used to analyze
perilipin 1 mRNA expression. The results showed no change in perilipin 1 mRNA expression (Figure
2-7A). Lipid droplet size and lipolysis are controlled by the phosphorylation level of perilipin 1.
Therefore, an analysis of the phosphatase activity of PPM1D on phosphorylated peptides of perilipin 1
revealed that PPM1D exhibited phosphatase activity against the Ser511 phosphorylated peptide of
perilipin 1 (Figure 2-7B). In contrast, PPM 1D did not show phosphatase activity against the Ser492 and
Ser517 phosphorylated peptides of perilipin 1. These findings suggest that PPM1D specifically targets
perilipin 1 at Ser511.

To further elucidate the function of phosphorylation at Ser511 of perilipin 1 in lipid droplet
formation, phosphorylation mutant S511D and non-phosphorylation mutant S511A were overexpressed
in 3T3-L1 cells, and the lipid droplet size was quantified. The results showed that the average lipid
droplet size for the perilipin 1 S511A mutant was 2.61 um, whereas for the S511D mutant, the average
size decreased to 2.27 pm (Figure 2-7C, D, Table 2-3).

The overexpression of the phosphorylated mutant of perilipin 1 Ser511 resulted in a significant
decrease in lipid droplet size, demonstrating that phosphorylation at Ser511 negatively regulates lipid
droplet size. From these findings, it is suggested that PPM 1D positively regulates lipid droplet size by

dephosphorylating perilipin 1 at Ser511.
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Figure 2-7. PPM1D regulates lipid droplet formation via dephosphorylation of perilipin 1 Ser511
[30].

(A) The mRNA expression level of Plinl analyzed using qPCR. 3T3-L1 cells were differentiated into
adipocytes for 8 days followed by treatment of SL-176 (15 uM) for 7 days. The data was normalized by
actin mRNA expression and expressed as fold change. Data are presented as the mean + S.D. values and
were obtained from three independent samples. n. s., not statistically significant by Student’s #-test. (B)
Phosphatase activity of His-mouse PPM1D on perilipin 1 phosphorylated peptides. Data presents the
mean + S.D. values of three independent experiments. Significance was analyzed by using Student’s #-
test. ** p < 0.01, *** p < 0.001. (C) Lipid droplet imaging of 3T3-L1 adipocytes transfected with
perilipin 1 mutants stained by MDH. 3T3-L1 cells were transfected with perilipin 1 (S511A) or perilipin
1 (S511D) on day 3 of differentiation. After 3 days of transfection, 3T3-L1 cells were stained with MDH.
MDH, Ex 360/40 nm, Em 460/50 nm. Scale bar: 10 um. (D) Violin plot of size distribution of lipid
droplets of 3T3-L1 adipocytes. Data were obtained from three independent experiments of 3T3-L1 cells.

Significance was analyzed by using Wilcoxon Rank Sum Test. *** p <0.001.
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Table 2-3. Size distribution of LDs overexpressing perilipin 1 mutants [30].

Average size' Size distribution of LDs (%)?
[pm] 0-2 pm 2-4 pm 4-6 pm >6 pm
SS11A 2.61 £0.03 38.1 49.0 10.2 2.6
S511D 2.27+0.02 44.5 49.7 5.7 0.2

! Values are presented as the mean + S.E. of values obtained via three independent samples in each
condition. Data were obtained from 3 independent experiments of 3T3-L1 cells transfected with
perilipin 1 S511A or S511D. ? Significance was analyzed by using Wilcoxon Rank Sum Test and shown
in Figure 2-7D. LD size distribution in 3T3-L1 cells overexpressing perilipin 1 S511A or S511D mutants.

LD diameters were calculated using ImageJ software.
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2.4.7. Effects of PPM1D inhibition on mature white adipocytes

Beige adipocytes are defined by the formation of multilocular lipid droplets, an increase in
mitochondrial content, and the expression of beige adipocyte differentiation markers [31]. The
accumulation of smaller lipid droplets in the cytoplasm of mature white adipocytes following PPM1D
inhibition resembled the multilocular lipid droplets of beige adipocytes, suggesting that PPMI1D-
inhibited mature white adipocytes might be differentiating into beige adipocytes. Therefore,
mitochondrial imaging was performed on PPM 1D-inhibited mature white adipocytes, and interestingly,
PPM1D inhibition led to a significant increase in mitochondrial activity (Figure 2-8A). However, RT-
gPCR analysis of the mRNA expression levels of the beige adipocyte differentiation markers UCP1 and
CIDEA showed no change (Figure 2-8B).

PPM1D-inhibited mature white adipocytes form multilocular lipid droplets and exhibit
increased mitochondrial activity, while the expression levels of beige adipocyte differentiation markers
remain unchanged. These results suggest that while PPM1D-inhibited white adipocytes display
characteristics of beige adipocytes, they differentiate into a cell type distinct from typical beige

adipocytes.
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Figure 2-8. Effect of PPM1D inhibition on mitochondria and expression levels of beige adipocytes

markers.

(A) Mitochondria imaging of PPM1D-inhibited 3T3-L1 adipocytes stained by MitoTracker Red CM-
Hz>Xros. 3T3-L1 cells were differentiated into adipocytes for 8 days followed by treatment of SL-176
(15 uM) for 7 days. MitoTracker Red CM-H,Xros, Ex 540/25 nm, Em 605/55 nm. Scale bar: 40 um.
(B) The mRNA expression levels of Ucp!l and Cidea analyzed using qPCR. The data was normalized
by actin mRNA expression and expressed as fold change. Values are presented as the mean + S.D. of

three independent samples. n. s., not statistically significant by Student’s z-test.
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2.5. Discussion

In this study, PPM 1D knockdown during white adipocyte differentiation decreased the mRNA
expression of PPARY, a transcription factor that regulates adipocyte differentiation, and its downstream
gene perilipin 1 in the early stages of differentiation. This result suggests that PPM 1D controls adipocyte
differentiation in the early phase of differentiation. Our laboratory has reported that the addition of the
PPMI1D inhibitor SL-176 during white adipocyte differentiation induction suppresses the expression of
PPARY and perilipin 1 [28]. It has been revealed that PPM1D is involved in the induction of expression
of adipocyte differentiation markers. It is suggested that PPM 1D regulates the expression of PPARy by
controlling the transcriptional activity of upstream proteins of PPARy, subsequently modulating the
expression of its downstream gene, perilipin 1.

It was revealed that PPM1D regulates lipid droplet formation through two pathways:
differentiation-dependent pathway and differentiation-independent pathway in white adipocyte
differentiation. In the differentiation-independent lipid droplet formation, PPM1D targets perilipin 1.
When the PPM 1D inhibitor SL-176 is added after differentiation induction, a decrease in lipid droplet
size is observed without a change in lipid droplet amount, suggesting that PPM1D is involved in lipid
droplet fusion. Lipid droplet fusion is a mechanism whereby two lipid droplets of different sizes come
into contact and merge to form a larger lipid droplet, and it is known as one of the mechanisms that
contribute to lipid droplet hypertrophy. It has been reported that during this lipid droplet fusion process,
perilipin 1 promotes the fusion of lipid droplets via Fsp27 [32]. If perilipin 1 acts as a scaffolding protein
and the proteins that interact with perilipin 1 change with variations in its phosphorylation levels, then
the inhibition of PPM1D could lead to an increase in the phosphorylation level of perilipin 1. This
change might alter its interactions with proteins, including Fsp27, potentially resulting in the suppression
of lipid droplet fusion.

The multilocular lipid droplets formed by the inhibition of PPM 1D in mature white adipocytes
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have been suggested to exhibit resistance to lipolysis. It has been reported that smaller lipid droplets are
more prone to lipolysis compared to larger lipid droplets [14]. On the other hand, there are reports
suggesting that lipolysis targets larger lipid droplets and induces the formation of smaller lipid droplets
[13], indicating that the relationship between lipid droplet size and degradation has not yet been clarified.
In this study, since the small multilocular lipid droplets showed resistance to lipolysis, suggesting that
the difference in size is involved in the lipolytic activity. Additionally, the dephosphorylation of perilipin
1 at Ser511 by PPM1D may also play a role in the regulation of lipolytic activity. Perilipin 1 at Ser492
and Ser517 is phosphorylated by PKA, which induces lipolysis. The phosphorylation of perilipin 1 at
Ser517 inhibits the interaction between perilipin 1 and CGI-58, allowing CGI-58 to interact with ATGL,
thereby triggering its activation [33]. Increased the negative charge at the C-terminal of perilipin 1 due
to phosphorylation by PKA is suggested to be involved in the promotion of lipolysis. The
dephosphorylation of perilipin 1 at Ser511 by PPM1D may be involved in the regulation of the negative
charge at the C-terminal of perilipin 1, potentially controlling lipolysis.

In mature white adipocytes, the inhibition of PPMI1D has been shown to increase
mitochondrial activity. The increased mitochondrial activity suggests an enhancement of mitochondrial
function and an increase in mitochondrial quantity. In adipocytes, peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a) is known to interact with PPARY, thereby increasing the
transcriptional activity of PPARy and enhancing mitochondrial biogenesis and gene expression [34].
PPMID may be involved in mitochondrial function through genes that regulate mitochondrial
biogenesis. This study has revealed that the inhibition of PPM1D during the adipocyte differentiation
process leads to a decrease in PPARy mRNA expression. However, in mature white adipocytes, it may
interact with PPARY through pathways that differ from those during differentiation. Additionally, lipid
droplets and mitochondria are in contact, and the fatty acids released from lipid droplets are utilized for

energy production in mitochondria [35]. PPM1D inhibition in mature white adipocytes results in the
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formation of smaller lipid droplets, while the total lipid contents remain unchanged, thus increasing the
surface area of the lipid droplets. Mitochondrial activity may increase due to the increased contact
surface with mitochondria and increased uptake of fatty acids released by lipid droplets.

It was suggested that inhibition of PPM1D in mature white adipocytes leads to differentiation
into a novel subtype characterized by increased mitochondrial content but without elevated expression
of beige adipocyte differentiation markers. While this novel subtype closely resembles beige adipocytes
in morphology, its gene expression profile differs, suggesting that it may possess distinct functions
compared to typical beige adipocytes. These findings imply that PPM1D not only regulates the
differentiation of white adipocytes but also controls the differentiation of beige adipocytes and their
subtypes.

In summary, this study demonstrated that PPM1D regulates adipocyte differentiation and
maturation (Figure 2-9), which may lead to the development of novel obesity therapies targeting

PPMI1D.
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Figure 2-9. Model of the regulatory mechanism of adipocyte differentiation and maturation by
PPMI1D.
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3. Development of cell recognition method using triazapentalene derivatives with deep

learning

3.1. Abstract

Adipocytes play a vital role in energy homeostasis and are implicated in diseases such as
obesity and metabolic disorders. Identifying and classifying adipocyte subtypes at the single-cell level
is critical for understanding their functions and contributions to disease. Despite progress in fluorescent
probes and image analysis, comprehensive methods for distinguishing adipocyte states and
differentiation pathways remain limited.

This study introduces a novel method for single-cell-level identification of adipocytes using
multiplex staining with newly designed 1,3a,6a-triazapentalene (TAP) derivatives, ab-TAP-4PH and
TAP-2CY4E]1, in combination with a deep learning model. ab-TAP-4PH fluoresces strongly in polar
and acidic environments, while TAP-2CY4E1 exhibits intense fluorescence in hydrophobic regions.
These unique properties allowed the selective staining of cellular organelles and lipid droplets, enabling
multicolor imaging of cellular states. Cytotoxicity assays confirmed the high biocompatibility of both
probes, showing minimal impact on cell proliferation even at high concentrations. Additionally, the
probes were easily removed from cells via wash-out, preserving cell viability.

The method was validated using p53 wild-type (A549) and p53-deficient (H1299) lung cancer
cells. Fluorescence images analyzed by a deep learning model successfully identified and distinguished
these cell types with high accuracy. Co-culture experiments with varying A549:H1299 ratios achieved
F1 scores exceeding 0.9 across all conditions, demonstrating the method's capability for precise single-
cell identification within heterogeneous populations.

This approach was further applied to white adipocytes under PPMI1D inhibition. The
differentiation process was analyzed using TAP derivatives, revealing a novel adipocyte subtype

characterized by smaller, multilocular lipid droplets and increased mitochondrial activity. Deep learning
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models classified adipocytes into three states: state I (immature cells), state II (control adipocytes with
large lipid droplets), and state III (PPM1D-inhibited adipocytes with multilocular lipid droplets). These
classifications provided insights into the dynamic transitions between states during differentiation.

In summary, this study highlights the potential of multiplex staining with TAP derivatives
combined with deep learning for high-resolution cellular analysis. This approach offers significant
insights into adipocyte differentiation pathways and cellular heterogeneity, advancing research into
obesity and metabolic disorders. Future developments, including additional TAP derivatives for nuclear
staining, could further enhance single-cell-level identification and provide a more comprehensive

understanding of cellular states.
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3.2. Introduction

Adipocytes are essential for maintaining energy homeostasis and metabolism. They are
classified into four types: white adipocytes, responsible for energy storage and release; brown and beige
adipocytes, responsible for thermogenesis; and pink adipocytes involved in milk production [1, 2].
Furthermore, in recent years, multiple subtypes of these adipocytes with distinct gene expression profiles
and function have been reported [3]. In white adipocytes, the emergence of a subtype characterized by
the high expression of genes related to lipid uptake and transport, stress response, and immune response
has been reported in mice fed high-fat diets [4], suggesting that this subtype could contribute to obesity.
Adipocytes are associated with various diseases, including obesity, and identifying their differentiation,
maturation, and subtypes at the single-cell level to elucidate their functions is crucial for the diagnosis
of diseases and the development of therapeutic strategies.

Fluorescent probes are widely used in research on cell identification [5]. Fluorescent probes
are effective tools for analyzing dynamic changes in live cells, as they enable simultaneous staining and
detection of multiple probes with different wavelengths and chemical properties. Numerous reports have
described fluorescent probes that specifically target certain organelles, such as organelle-specific probes
[6, 7] and probes whose fluorescence changes in a pH-dependent manner within organelles [8, 9].
However, to analyze the diverse states of cells, it is important to develop probes that emit fluorescence
extensively within the cells, enabling comprehensive visualization of overall state of the cells.

Organic small molecules are one of the important fluorescent probes due to their high
selectivity and sensitivity, which allow for real-time analysis of cells, and their relatively straightforward
usage [10]. 1,3a,6a-triazapentalene (TAP) is a compact 10z aromatic compound, and a simple synthetic
method via click reactions has been reported [11]. TAP derivatives are high-sensitivity small molecules
that exhibit solubility in aqueous solvent and allow for the selection of fluorescence properties through

substituents [ 12—16]. A variety of TAP derivatives with different characteristics have been reported. Our
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laboratory has reported that TAP-4PH is a novel fluorescent probe that exhibits very low cytotoxicity
and fluoresces in the cytoplasm of live cells [17]. TAP-VK1, which contains a vinyl ketone, is a thiol-
specific fluorescent labeling reagent, and it has been reported to successfully image the small molecule
drug captopril, which is used for hypertension [18]. 2-p-nitrophenyl-TAP is a ferroptosis-inducing agent
that exhibits photo-induced cytotoxicity selectively in cancer cells [19]. TAP derivatives are highly
useful fluorescent small molecules owing to their ability to be tailored for various properties by altering
substituents.

Deep learning has recently gained significant attention in image analysis within the biosciences.
In particular, image segmentation—tasks that involve identifying specific regions corresponding to
individual objects within an image, such as identifying single cells—and unsupervised image
exploration, which compares features of image collections to identify changes in cell morphology in
image-based drug screening, play a crucial role in single-cell-level cell identification analysis [20].

In this study, I developed a method for identifying cells at the single-cell level using multiplex

staining with novel TAP derivatives and a deep learning model developed in our laboratory.
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3.3. Experimental procedures

3.3.1. Cell lines and materials

A549 human lung adenocarcinoma cells were obtained from ATCC (Rockville, MD, USA).
Mouse Embryonic Fibroblast (MEF) cells were prepared from 13.5-day-old embryos of wild-type mice.
H1299(mCh-NLS), expressing mCherry-NLS, were derived from H1299 human non-small cell lung
carcinoma cells in our laboratory. 3T3-L1 mouse fibroblasts were obtained from the Japanese Collection
of Research Bioresource (JCRB, Tokyo, Japan). Nuclear Green LCS1 (abcam, Cambridge, UK, Cat.
ab138904) was dissolved in DMSO (Wako Pure Chemical Industries, Osaka, Japan, Cat. 045-28335) to
prepare a 0.5 mM stock solution. ER Tracker Green (Invitrogen, Waltham, MA, USA, Cat. E34251) was
dissolved in DMSO to prepare a 100 uM stock solution. ViVidFluor Golgi Green/Red (Wako Pure
Chemical Industries, Osaka, Japan, Cat. 227-02171) was dissolved in DMSO to prepare a 1 mM stock
solution. LysoTracker Green DND-26 (Invitrogen, Waltham, MA, USA, Cat. L7526) was dissolved in
DMSO to prepare a 75 uM stock solution. MitoTracker Red CM-H:Xros (Invitrogen, Waltham, MA,
USA, Cat. M7513) was dissolved in DMSO to prepare a 1 mM stock solution. BODIPY493/503
(Invitrogen, Waltham, MA, USA, Cat. D3922) was dissolved in DMSO to prepare a 1 mM stock solution.
Hoechst33342 (Sigma-Aldrich, St. Louis, MO, USA, Cat. B2261) was dissolved in PBS to prepare a 1
mg/mL stock solution. LysoTracker Blue DND-22 (Invitrogen, Waltham, MA, USA, Cat. L7525) was
dissolved in DMSO to prepare a 75 uM stock solution. BioTracker 405 Blue Mitochondria Dye (Sigma-
Aldrich, St. Louis, MO, USA, Cat. SCT135) was dissolved in DMSO to prepare a 200 uM stock solution.
MDH (AUTODOT, Abgent, San Diego, CA, USA, Cat. SM1000a) was dissolved in DMSO to prepare
a 0.1 M stock solution. PPM1D inhibitor SL-176 was obtained from Laboratory of Organic Chemistry
II (Faculty of Science, Hokkaido University). SL-176 was dissolved in ethanol (EtOH, Wako Pure
Chemical Industries, Osaka, Japan, Cat. 054-07225) to prepare a 8 mM stock solution. Insulin (Sigma-

Aldrich, St. Louis, MO, USA, Cat. 10516-5ML) was 10 mg/mL stock. Dexamethasone (Wako Pure
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Chemical Industries, Osaka, Japan, Cat. 047-18863) was dissolved in EtOH to prepare a 10 mM stock
solution. 3-Isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich, St. Louis, MO, USA, Cat. 15789-

250MG) was dissolved in DMSO to prepare a 100 mM stock solution.

3.3.2. Synthesis of TAP compounds

ab-TAP-4PH was carried out as follows (Scheme 3-1). First, 1.2 g of 4-bromo-4'-
iodobiphenyl (1) was subjected to a Negishi coupling with 10 mL of 0.5 M organozinc reagent (2),
yielding ester 3 with a selective reaction at the iodide site in an 80% yield (0.93 g). Next, ester 3 (840
mg) was coupled with 714 mg of TMS-acetylene through a Sonogashira reaction, synthesizing biphenyl
4 with an 87% yield (770 mg). After the DIBAL reduction of ester 4 (809 mg), followed by the removal
of the TMS group and the mesylation of the resulting alcohol, acetylene 5 was synthesized with a 92%
yield over the three-step process (877 mg). A click reaction was performed between the freed terminal
acetylene 5 (155.4 mg) and azide 6 (221.9 mg), inducing the TAP structure and yielding TAP derivative
7 with a 60% yield (297.5 mg). Using sodium azide, an azide group was introduced to the side chain
terminal of TAP derivative 7 (285 mg), resulting in azide 8 with a 95% yield (338.6 mg). Finally, 30 mg
of azide 8 was reduced through hydrogenation, yielding the target compound ab-TAP-4PH (9) in a 50%
yield (8 mg). After scaling up, a total of 23.7 mg of ab-TAP-4PH was obtained.

TAP-2CY4E1 was synthesized as previously described [16].
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Scheme 3-1. Synthesis route of ab-TAP-4PH.
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3.3.3. Cell manipulation

A549 and MEF cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich, St. Louis, MO, USA, Cat. D5796-500ML) supplemented with 10% v/v fetal bovine serum
(FBS), 100 units/mL penicillin and 100 ug/mL streptomycin (P/S, Thermo Fisher Scientific, Waltham,
MA, USA, Cat. 15140-122) at 37°C in an atmosphere of 5% CO,. H1299 cells were cultured in Roswell
Park Memorial Institute medium-1640 (RPMI, Sigma-Aldrich, St. Louis, MO, USA, Cat. R8758-1L)
supplemented with 10% v/v FBS, 100 units/mL penicillin and 100 pg/mL streptomycin at 37°C in an
atmosphere of 5% CO,. 3T3-L1 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma-Aldrich, St. Louis, MO, USA, Cat. D5796-500ML) supplemented with 10% v/v Newborn Calf
Serum (NBCS, Thermo Fisher Scientific, Waltham, MA, USA, Cat. 16010159) at 37°C in an atmosphere
of 5% CO,. 3T3-L1 cells were seeded at a density of 1.0 x 10* cells in 96-well plates. Two days after

100% cell confluence (day 0), the cells were cultured in differentiation medium (MDI) [DMEM
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containing 10% v/v FBS with 100 units/mL penicillin and 100 pg/mL streptomycin (P/S) with 1.0 pg/mL
insulin, 1.0 uM dexamethasone, and 0.5 mM IBMX]. Cells were placed in adipocyte maintenance
medium (DMEM containing 10% FBS with P/S and 1.0 pg/mL insulin) on day 1. Media were exchanged
to adipocyte maintenance medium every 2 days until day 8 of induction of differentiation. Then the cells

were treated with 15 uM SL-176 every 2 days until day 15.

3.3.4. Fluorescence spectroscopy

Fluorescence spectra of ab-TAP-4PH and TAP-2CY4E1 (10 uM) in the indicated solutions
were measured using a Fluorescence Spectrophotometer F-4500 (Hitachi, Ltd., Tokyo, Japan) under the
following conditions. Excitation wavelength of ab-TAP-4PH: 341 nm; excitation wavelength of TAP-

2CY4El: 420 nm; scan speed: 1200 nm/min; excitation and emission slit: 5 nm; PMT voltage: 700 V.

3.3.5. Fluorescence microscopy analysis

A549 or MEF cells were seeded at a density of 0.8 x 10* cells in a glass based dish and cultured
for 24 h prior to treatment. For analysis of ab-TAP-4PH localization, cellular organelle co-staining with
the nucleus by Nuclear Green LCS1 (2 uM, 30 min) or ER by ER Tracker Green (1 uM, 30 min) or
Golgi apparatus by ViVidFluor Golgi Green/Red (5 pM, 30 min) or lysosome by LysoTracker Green
DND-26 (75 nM, 30 min) or mitochondria by MitoTracker Red CM-H,Xros (200 nM, 30 min) or lipid
droplet by BODIPY493/503 (1 puM, 30 min) at 37°C was performed in accordance with the
manufacturers’ instructions before addition of ab-TAP-4PH. After staining with the indicated organelle
probes, the cells were treated with 20 uM ab-TAP-4PH/Opti-MEM for 30 min at 37°C and then observed
under a fluorescence microscope (BZ-9000, Keyence, Osaka, Japan) using the following filter set:
DAPI-B (Ex 360/40 nm, Em 460/50 nm) for detection of ab-TAP-4PH, GFP-B (Ex 470/40 nm, Em

535/50 nm) for detection of Nuclear Green LCS1, ER Tracker Green, ViVidFluor Golgi Green/Red,
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LysoTracker Green DND-26, and BODIPY493/503, and TRITC (Ex 540/25 nm, Em 605/55 nm) for
detection of MitoTracker Red CM-H,Xros. For analysis of TAP-2CY4E1 localization, cellular organelle
co-staining with the nucleus by Hoechst33342 (5 pg/mL, 30 min) or ER by Cell Navigator Live Cell ER
Staining Kit Blue Fluorescence (AAT Bioquest, Pleasanton, CA, USA, Cat. 22634) (30 min) or
lysosome by LysoTracker Blue DND-22 (75 nM, 30 min) or mitochondria by BioTracker 405 Blue
Mitochondria Dye (100 nM, 30 min) or lipid droplet by MDH (10 uM, 30 min) at 37°C was performed
in accordance with the manufacturers’ instructions before addition of TAP-2CY4E1. After staining with
the indicated organelle probes, the cells were treated with 10 uM TAP-2CY4E1/Opti-MEM for 30 min
at 37°C and then observed under a fluorescence microscope (BZ-9000) using the following filter set:
DMS511 (Ex 452 nm, Em 607 nm) for detection of TAP-2CY4E1 and DAPI-B (Ex 360/40 nm, Em 460/50
nm) for detection of Hoechst33342, Cell Navigator Live Cell ER Staining Kit Blue Fluorescence,
LysoTracker Blue DND-22, BioTracker 405 Blue Mitochondria Dye, and MDH. Pearson Correlation
Coefficent was calculated using ImageJ software. For the experiment of wash out removable assay of
TAP derivatives, cells were incubated with 20 uM ab-TAP-4PH/Opti-MEM or 10 uM TAP-
2CY4E1/Opti-MEM for 30 min at 37°C, then cells were washed with PBS three times and incubated in
fresh medium without TAP compounds. Cells were observed under a fluorescence microscope (BZ-
9000) using the following filter set: DAPI-B (Ex 360/40 nm, Em 460/50 nm) for detection of ab-TAP-

4PH and DM511 (Ex 452 nm, Em 607 nm) for detection of TAP-2CY4E1.

3.3.6. Cell proliferation assay

A549 or MEF cells were seeded at a density of 0.6 x 10* cells in a 48-well plate and cultured
for 24 h prior to treatment. ab-TAP-4PH or TAP-2CY4E1 was added at 0, 5, 10, 20, 30, 50 uM to the
culture medium, followed by 24 h incubation. Cell viability was measured by Burker-turk line (Erma,

Japan).
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For the experiment of wash out removable assay of TAP derivatives, A549 cells were seeded
at a density of 0.6 x 10 cells or MEF cells were seeded at a density of 0.8 x 10* cells in a 48-well plate
and cultured for 24 h prior to treatment. Cells were incubated with 20 pM ab-TAP-4PH/Opti-MEM or
10 uM TAP-2CY4E1/Opti-MEM or both TAP compounds/Opti-MEM for 30 min at 37°C, then cells
were washed with PBS three times and incubated in fresh medium without TAP compounds for 24 h or

48 h. Cell viability was measured by Burker-turk line.

3.3.7. Detection of individual cell by deep learning model

A549 and H1299 cells were seeded at a total density of 0.3 x 10* cells with A549:H1299 ratios
0f'90%:10%, 70%:30%, 50%:50%, 30%:70%, and 10%:90% respectively in a 96-well plate and cultured
for 24 h prior to treatment. Cells were incubated with 20 uM ab-TAP-4PH and 10 pM TAP-
2CY4E1/Opti-MEM for 30 min at 37°C, and then observed under a fluorescence microscope (BZ-9000)
using the following filter set: DAPI-B (Ex 360/40 nm, Em 460/50 nm) for detection of ab-TAP-4PH and
DMS511 (Ex 452 nm, Em 607 nm) for detection of TAP-2CY4EI.

Deep learning model developed in our laboratory was trained using images of 36 cells stained
with 20 uM ab-TAP-4PH and 10 uM TAP-2CY4E]1, split into training, validation, and test sets ina 7:1:1
ratio. To prevent identification issues due to human experimental operations such as background, the
chosen CAM model consisted of images captured from completely different wells for the train,
validation, and test datasets. The training was conducted on an NVIDIA L4 Tensor core GPU, using
Cross-Entropy as the loss function. The learning rate was set as a hyperparameter to maximize validation
accuracy within the search space, utilizing a TPE sampler from Optuna, with a batch size adjusted to
128 for the low-resolution model and 16 for the high-resolution model. Hyperparameter optimization
was performed using Optuna. To prevent variations in the learning process due to initial parameters, a

pre-trained ResNet 50 from the timm model was used, and all random numbers generated during the
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learning process were fixed at 42. For the conditions with cell ratios of A549:H1299 at 1:9, 3:7, 7:3, and
9:1, validation was performed on 20 randomly selected images using a Python script. The Precision
(Equation 1) and Recall (Equation 2) in the validation were calculated for the cells where the generated

rectangles overlapped the most.

Precision — TP
recision = TP T FP
(1)
Recall = i
CCAt = TP Y FN
(2)
The F1 score can be defined as:
2XTP
F1 =
2XTP+FN+ FP
(3)

TP (True Positive): The number of cells predicted as A549 that were actually A549; FP (False Positive):
The number of cells predicted as A549 but were actually H1299; TN (True Negative): The number of
cells predicted as H1299 that were actually H1299; FN (False Negative): The number of cells predicted

as H1299 but were actually A549.

3.3.8. Detection of adipocytes by deep learning model

3T3-L1 cells were cultured as described above. Cells were incubated with 20 uM ab-TAP-4PH
and 10 pM TAP-2CY4E1/Opti-MEM for 30 min at 37°C, and then observed under a fluorescence
microscope (BZ-9000) using the following filter set: DAPI-B (Ex 360/40 nm, Em 460/50 nm) for

detection of ab-TAP-4PH and DM511 (Ex 452 nm, Em 607 nm) for detection of TAP-2CY4EL. Deep
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learning model developed in our laboratory was trained as described above.
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3.4. Results

3.4.1. Spectroscopic properties of ab-TAP-4PH

To image the diverse states within cells, a novel TAP derivative, ab-TAP-4PH, containing a 4-
aminobutyl group in its side chain was designed and synthesized (Figure 3-1A). The absorption
fluorescence spectrum of ab-TAP-4PH in dichloromethane (DCM) was measured, revealing a
characteristic absorbance peak at 341 nm, with Aen™* at 457 nm (Figure 3-1B). The fluorescence spectra
measured in solvents with varying hydrophobicity, including DCM, EtOH, H,O, PBS, acetonitrile, and
acetone, showed that the highest fluorescence intensity was observed in H>O (Figure 3-1C). To analyze
the pH dependence of ab-TAP-4PH fluorescence, fluorescence spectra were measured in aqueous
solutions with pH levels ranging from 4.0 to 8.0. The results showed that the highest fluorescence
intensity was observed at pH 4.0, and the fluorescence intensity decreased as the pH increased (Figure
3-1D). The fluorescence intensity significantly decreased with the change from pH 5.5 to pH 6.0, and
the fluorescence intensity was notably low at pH 6.0, pH 6.5, and pH 7.0.

It has been demonstrated that ab-TAP-4PH exhibits strong fluorescence in polar solvents.
Furthermore, the fluorescence intensity varies in a pH-dependent manner, becoming stronger in acidic

regions.

3.4.2. Spectroscopic properties of TAP-2CY4E1

The absorption fluorescence spectrum of the TAP derivative TAP-2CY4E1 (Figure 3-2A),
which has 3-cyanobenzoyl acid in its side chain, was measured in DCM. TAP-2CY4E1 exhibited a
characteristic absorbance peak at 420 nm, with Aem™* at 544 nm (Figure 3-2B). The fluorescence spectra
measured in solvents with varying hydrophobicity, including DCM, EtOH, H,O, PBS, acetonitrile, and
acetone, showed that the highest fluorescence intensity was observed in DCM (Figure 3-2C). The

fluorescence intensities in EtOH, H,O, PBS, acetonitrile, and acetone were very weak compared to those
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in DCM. The fluorescence spectra of TAP-2CY4E1 were measured in aqueous solutions at different pH
levels. Almost no fluorescence was observed across the pH range of 4.0 to 8.0, and no significant
changes in fluorescence intensity were detected (Figure 3-2D).

It has been revealed that TAP-2CY4E1 emits high fluorescence in hydrophobic regions and
shows little pH dependence in hydrophilic regions.

It was also demonstrated that ab-TAP-4PH exhibits strong fluorescence in polar solvents,
while TAP-2CY4E1 emits strong fluorescence in hydrophobic regions, indicating that they have distinct
fluorescence spectral characteristics in response to solvents. Furthermore, in hydrophilic regions, ab-
TAP-4PH shows a pH-dependent change in fluorescence intensity, whereas TAP-2CY4E1 exhibited
little pH dependence. These results suggest that, due to their solvent-dependent fluorescent intensities,
ab-TAP-4PH and TAP-2CY4E]1 can be used to stain different cellular compartments. Thus, it has been

demonstrated that ab-TAP-4PH and TAP-2CY4EI can be used for multiplex staining.

3.4.3. Intracellular localization of ab-TAP-4PH and TAP-2CY4E1

Since ab-TAP-4PH and TAP-2CY4E1 exhibit solvent-dependent changes in their fluorescence
spectra, they may localize differently depending on the intracellular environment. To analyze the
intracellular localization of ab-TAP-4PH and TAP-2CY4El, we examined the correlation of their
fluorescence patterns with organelle-specific staining reagents. Using organelle-specific fluorescent
probes in A549 human lung adenocarcinoma cells and mouse embryonic fibroblasts (MEFs), we
analyzed the correlation of ab-TAP-4PH fluorescence patterns with those of the ER, Golgi apparatus,
lipid droplets, lysosomes, mitochondria, and nuclei.

ab-TAP-4PH was broadly localized in the cytoplasm and showed high fluorescence intensity
in the ER, lysosomes, and Golgi apparatus, but its fluorescence did not completely coincide with these

organelles (Figure 3-3, 3-4). The Pearson correlation coefficients for ab-TAP-4PH with ER and
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lysosomal staining probes were 0.82 and 0.80 in A549 cells, and 0.82 and 0.77 in MEFs, respectively
(Table 3-1). This indicates that ab-TAP-4PH demonstrated a strong positive correlation with the ER and
lysosomes. In contrast, its fluorescence patterns differed from those of nuclear, mitochondrial, and lipid
droplet staining probes. The Pearson correlation coefficients for ab-TAP-4PH with nuclear,
mitochondrial, and lipid droplet staining probes were -0.48, -0.01, and 0.05 in A549 cells, and -0.54,
0.00, and 0.17 in MEFs, respectively.

TAP-2CY4E1 exhibited high fluorescence intensity in the ER and lipid droplets (Figure 3-5,
3-6). The Pearson correlation coefficients for TAP-2CY4E1 with ER and lipid droplet staining probes
were 0.92 and 0.84 in A549 cells, and 0.91 and 0.83 in MEFs, respectively, indicating a particularly
strong positive correlation with the ER and lipid droplets. (Table 3-2) In contrast, its fluorescence
patterns differed from those of nuclear and lysosomal staining probes. The Pearson correlation
coefficients for TAP-2CY4E1 with nuclear and lysosomal staining probes were -0.44 and 0.06 in A549
cells, and -0.41 and 0.04 in MEFs, respectively.

It has been revealed that ab-TAP-4PH exhibits strong fluorescence in the ER and lysosomes
but does not localize exclusively to a single organelle. Additionally, TAP-2CY4E1 was found to stain
regions of lipid droplets that are not stained by ab-TAP-4PH. These findings suggest that multiplex
staining with ab-TAP-4PH and TAP-2CY4E1 can simultaneously highlight various cellular regions,

reflecting the cell's status with distinct fluorescence patterns.
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Figure 3-1. Spectroscopic properties of ab-TAP-4PH.

(A) Chemical structure of ab-TAP-4PH. (B) Absorbance and fluorescence emission spectra of 10 uM
ab-TAP-4PH in dichloromethane. (C) Fluorescence emission spectra of ab-TAP-4PH in aqueous and
organic solvents. Aex = 341 nm. (D) Fluorescence emission spectra of ab-TAP-4PH in buffer solution
with different pH values from pH 4.0 to pH 8.0. (pH 4.0, pH 4.5, pH 5.0, pH 5.5: Acetate buffer; pH 6.0,
pH 6.5, pH 7.0: MES buffer; pH 7.0, pH 7.5, pH 8.0: HEPES buffer). Aex = 341 nm. Slit width: dex= dem

=2.5nm.
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Figure 3-2. Spectroscopic properties of TAP-2CY4El.

(A) Chemical structure of TAP-2CY4E1. (B) Absorbance and fluorescence emission spectra of 10 uM
TAP-2CY4E]1 in dichloromethane. (C) Fluorescence emission spectra of TAP-2CY4E1 in aqueous and
organic solvents. Aex = 420 nm. (D) Fluorescence emission spectra of TAP-2CY4E1 in buffer solution
with different pH values from pH 4.0 to pH 8.0. (pH 4.0, pH 4.5, pH 5.0, pH 5.5: Acetate buffer; pH 6.0,
pH 6.5, pH 7.0: MES buffer; pH 7.0, pH 7.5, pH 8.0: HEPES buffer). Aex = 420 nm. Slit width: dex= dem

=2.5nm.
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Figure 3-3. Intracellular localization of ab-TAP-4PH in A549 cells.

Fluorescence microscopy images of A549 cells costained with ab-TAP-4PH (20 uM, 30 min) and
Nucleus: Nuclear Green LCS1 (2 uM, 30 min) or ER: ER Tracker Green (1 pM, 30 min) or Golgi
apparatus: ViVidFluor Golgi Green/Red (5 uM, 30 min) or Lysosome: LysoTracker Green DND-26 (75
nM, 30 min) or Mitochondria: MitoTracker Red CM-H,Xros (200 nM, 30 min) or Lipid droplet:
BODIPY493/503 (1 uM, 30 min) at 37°C. ab-TAP-4PH, Ex 360/40 nm, Em 460/50 nm; Nuclear Green
LCS1, ER Tracker Green, ViVidFluor Golgi Green/Red, LysoTracker Green DND-26, BODIPY493/503,
Ex 470/40 nm, Em 535/50 nm; MitoTracker Red CM-H,Xros, Ex 540/25 nm, Em 605/55 nm. Scale bar:
20 pum. Colocalization coefficients calculated by Pearson correlation coefficient are shown in the merge

images. Values represents the mean + S.D. of three independent experiments.
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Figure 3-4. Intracellular localization of ab-TAP-4PH in MEF cells.

Fluorescence microscopy images of MEF cells costained with ab-TAP-4PH (20 uM, 30 min) and
Nucleus: Nuclear Green LCS1 (2 uM, 30 min) or ER: ER Tracker Green (1 pM, 30 min) or Golgi
apparatus: ViVidFluor Golgi Green/Red (5 uM, 30 min) or Lysosome: LysoTracker Green DND-26 (75
nM, 30 min) or Mitochondria: MitoTracker Red CM-H,Xros (200 nM, 30 min) or Lipid droplet:
BODIPY493/503 (1 uM, 30 min) at 37°C. ab-TAP-4PH, Ex 360/40 nm, Em 460/50 nm; Nuclear Green
LCS1, ER Tracker Green, ViVidFluor Golgi Green/Red, LysoTracker Green DND-26, BODIPY493/503,
Ex 470/40 nm, Em 535/50 nm; MitoTracker Red CM-H,Xros, Ex 540/25 nm, Em 605/55 nm. Scale bar:
20 pum. Colocalization coefficients calculated by Pearson correlation coefficient are shown in the merge

images. Values represents the mean + S.D. of three independent experiments.
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Table 3-1. Pearson Correlation Coefficient of ab-TAP-4PH and organelle probe.

Average value of Pearson Correlation Coefficient

Nucleus ER Golgi Lysosome Mitochondria Lipid

apparatus droplet

A549 -0.48+0.04 0.82+0.08 046+0.06 0.80+0.04 -0.01+0.05 0.05+0.06

MEF -0.54+0.07 0.82+0.03 048+0.16 0.77+0.06 0.00+0.14 0.17+0.09

'Average values of Pearson Correlation Coefficent are present as the mean + S.D. obtained via three
independent images in each condition. Pearson Correlation Coefficent was calculated using Imagel

software.
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Figure 3-5. Intracellular localization of TAP-2CY4E1 in A549 cells.

Fluorescence microscopy images of A549 cells costained with TAP-2CY4E1 (10 uM, 30 min) and
Nucleus: Hoechst33342 (5 pg/mL, 30 min) or ER: Cell Navigator Live Cell ER Staining Kit Blue
Fluorescence (30 min) or Lysosome: LysoTracker Blue DND-22 (75 nM, 30 min) or Mitochondria:
BioTracker 405 Blue Mitochondria Dye (100 nM, 30 min) or Lipid droplet: MDH (10 uM, 30 min) at
37°C. TAP-2CY4El, Ex 452 nm, Em 607 nm; Hoechst33342, Cell Navigator Live Cell ER Staining Kit
Blue Fluorescence, LysoTracker Blue DND-22, BioTracker 405 Blue Mitochondria Dye, MDH, Ex
360/40 nm, Em 460/50 nm. Scale bar: 20 pm. Colocalization coefficients calculated by Pearson
correlation coefficient are shown in the merge images. Values represents the mean + S.D. of three

independent experiments.
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Figure 3-6. Intracellular localization of TAP-2CY4E1 in MEF cells.

Fluorescence microscopy images of MEF cells costained with TAP-2CY4E1 (10 pM, 30 min) and
Nucleus: Hoechst33342 (5 pg/mL, 30 min) or ER: Cell Navigator Live Cell ER Staining Kit Blue
Fluorescence (30 min) or Lysosome: LysoTracker Blue DND-22 (75 nM, 30 min) or Mitochondria:
BioTracker 405 Blue Mitochondria Dye (100 nM, 30 min) or Lipid droplet: MDH (10 uM, 30 min) at
37°C. TAP-2CY4El, Ex 452 nm, Em 607 nm; Hoechst33342, Cell Navigator Live Cell ER Staining Kit
Blue Fluorescence, LysoTracker Blue DND-22, BioTracker 405 Blue Mitochondria Dye, MDH, Ex
360/40 nm, Em 460/50 nm. Scale bar: 20 pm. Colocalization coefficients calculated by Pearson
correlation coefficient are shown in the merge images. Values represents the mean + S.D. of three

independent experiments.

83



Table 3-2. Pearson Correlation Coefficient of TAP-2CY4E1 and organelle probe.

Average value of Pearson Correlation Coefficient!

Lipid

Nucleus ER Lysosome Mitochondria
droplet

A549 -044+0.03 092+0.03 0.06+0.03 0.44 +0.06 0.84 +£0.06

MEF -041+0.03 091+0.03 0.04=+0.01 0.48 £0.02 0.83£0.07

'Average values of Pearson Correlation Coefficent are present as the mean + S.D. obtained via three
independent images in each condition. Pearson Correlation Coefficent was calculated using Imagel

software.
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3.4.4. Cytotoxicity of ab-TAP-4PH and TAP-2CY4E1

To evaluate the effects of ab-TAP-4PH and TAP-2CY4E]1 on cell proliferation, A549 and MEF
cells were treated with ab-TAP-4PH or TAP-2CY4E1 at concentrations of 0, 5, 10, 20, 30, and 50 uM,
and the cell count was quantified after 24 hours. In A549 cells, the addition of ab-TAP-4PH did not
affect cell numbers up to 50 uM, indicating no observable impact on cell proliferation (Figure 3-7). In
MEF cells, ab-TAP-4PH showed a concentration-dependent tendency to reduce cell numbers; however,
no significant difference was observed up to 30 M. A significant decrease in cell numbers was noted at
50 uM. These results suggest that ab-TAP-4PH exhibits very low cytotoxicity.

Similarly, TAP-2CY4E1 showed a slight tendency to reduce cell numbers in a concentration-
dependent manner in A549 cells, but no significant differences were observed (Figure 3-8). In MEF
cells, cell numbers at concentrations of 5 uM to 30 uM TAP-2CY4E1 were approximately 75% of those
at 0 uM, while a significant reduction in cell numbers was observed at 50 uM. These findings indicate

that TAP-2CY4E1 has very low cytotoxicity at concentrations up to 30 uM.

3.4.5. Consecutive analysis of cellular function after TAP treatment

Our laboratory previously reported that TAP-4PH can be removed from cells by washing with
PBS after its addition to the cells [17]. Similar analyses were conducted for ab-TAP-4PH and TAP-
2CY4E1. A549 cells stained with ab-TAP-4PH or TAP-2CY4E1 were washed three times with PBS and
then replaced with fresh medium lacking TAP compounds. The cells were observed under a fluorescence
microscope after 5, 15, 30, 60, and 120 minutes. After removing ab-TAP-4PH or TAP-2CY4E1 from
the medium, the fluorescence intensity decreased in a time-dependent manner (Figure 3-9). These
results suggest that ab-TAP-4PH and TAP-2CY4E1 can be easily removed from cells by washing.

To analyze the cytotoxicity after removing ab-TAP-4PH and TAP-2CY4El from cells by

washing, A549 and MEF cells stained with either ab-TAP-4PH, TAP-2CY4EI, or both ab-TAP-4PH and
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TAP-2CY4E1 were washed three times with PBS and then replaced with fresh medium lacking TAP
derivatives. The cell counts were quantified after 24 hours and 48 hours. Compared to the control, the
cell counts under the conditions of ab-TAP-4PH, TAP-2CY4E]l, and the co-staining of ab-TAP-4PH and
TAP-2CY4E1 were similar (Figure 3-10). These results indicate that staining with ab-TAP-4PH and
TAP-2CY4E]1 does not affect cell proliferation even after wash-out.

Overall, it has been demonstrated that ab-TAP-4PH and TAP-2CY4El are promising
compounds as live cell imaging reagents, as they exhibit very low cytotoxicity and can be easily

removed from cells by wash-out.
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Figure 3-7. Cell proliferation after treatment with ab-TAP-4PH.

Cell number of (A) A549 cells or (B) MEF cells were treated with different concentrations of ab-TAP-
4PH for 24 h. Data represents the mean + S.D. of three independent experiments. Significance was

analyzed by using Student’s #-test. ** p <0.01.
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Figure 3-8. Cell proliferation after treatment with TAP-2CY4E1.

Cell number of (A) A549 cells or (B) MEF cells were treated with different concentrations of TAP-

2CY4EIl for 24 h. Data represents the mean + S.D. of three independent experiments. Significance was

analyzed by using Student’s ¢-test. * p < 0.05.
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Figure 3-9. Wash out removable of ab-TAP-4PH and TAP-2CY4El.

Fluorescence microscopy images of A549 cells incubated with ab-TAP-4PH (20 uM) or TAP-2CY4E1
(10 uM) for 30 min at 37°C, then cells were washed and incubated in fresh medium without TAP
compounds (time 0 min). Fluorescence microscopy images were taken after incubation for the indicated
time periods. ab-TAP-4PH, Ex 360/40 nm, Em 460/50 nm; TAP-2CY4E1, Ex 452 nm, Em 607 nm.
Scale bar: 20 um.
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Figure 3-10. Cell proliferation after wash out TAP compounds.

Cell number of A549 or MEF cells were treated with ab-TAP-4PH (20 uM) and/or TAP-2CY4E1 (10
puM) for 30 min at 37°C, then cells were washed and incubated in fresh medium without TAP compounds
for 24 h or 48 h. Data represents the mean + S.D. of six independent experiments. n.s, not statistically

significant by Student’s #-test.
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3.4.6. Detection of individual cells in mixed culture with deep learning

Identification analysis of cell types with different statuses of the tumor suppressor protein p53
was conducted. Human alveolar basal epithelial adenocarcinoma cells (A549) and human non-small cell
lung cancer-derived H1299 cells were stained with ab-TAP-4PH and TAP-2CY4E1, respectively, and
observed using fluorescence microscopy (Figure 3-11). In A549 cells, fluorescence from ab-TAP-4PH
was observed surrounding the nucleus. In H1299 cells, more cells exhibited round fluorescence in the
cytoplasm compared to A549. The fluorescence pattern of TAP-2CY4E1 showed bright spots in H1299
cells with higher fluorescence intensity compared to A549. A549 and H1299 cells were co-cultured and
stained with ab-TAP-4PH and TAP-2CY4E]1. Fluorescence images of ab-TAP-4PH, TAP-2CY4E]1, and
phase-contrast images from co-cultured cells at different ratios (A549:H1299 = 90%:10%, 70%:30%,
50%:50%, 30%:70%, 10%:90%) were analyzed using a deep learning model to predict cell types for
each individual cell (Figure 3-12). The results showed that the F1 score, the harmonic mean of precision
and recall, was 0.924 for 9:1, 0.964 for 7:3, 0.952 for 5:5, 0.948 for 3:7, and 0.919 for 1:9, indicating
high accuracy in distinguishing cell types (Table 3-3). Overall, multiplex staining with ab-TAP-4PH
and TAP-2CY4E1 enabled high-precision identification of A549 and H1299 cells with different p53
statuses.

To demonstrate the effectiveness of TAP derivatives in cell identification analysis, a deep
learning model was evaluated using only phase-contrast images, ab-TAP-4PH fluorescence images only,
and TAP-2CY4EI fluorescence images only. The analysis combining ab-TAP-4PH fluorescence images,
TAP-2CY4E]1 fluorescence images, and phase-contrast images yielded a Precision of 0.977 and a Recall
of 0.933, whereas the analysis using only phase contrast images resulted in a Precision of 0.676 and a
Recall of 0.547 (Table 3-4). In the analysis using ab-TAP-4PH fluorescence images only, the Precision
was 0.694 and the Recall was 0.610. In the analysis using TAP-2CY4E]1 fluorescence images only, the

Precision was 0.621 and the Recall was 0.535. These results demonstrate that multiplex staining with
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ab-TAP-4PH and TAP-2CY4EI is highly effective for cell identification.
Overall, successful single-cell-level cell identification was achieved using multiplex staining

with ab-TAP-4PH and TAP-2CY4E].
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Figure 3-11. Fluorescence imaging of ab-TAP-4PH and TAP-2CY4E1 in A549 and H1299 cells.

Fluorescence microscopy images of A549 and H1299 cells costained with ab-TAP-4PH (20 uM) and
TAP-2CY4E1 (10 uM) for 30 min at 37°C. ab-TAP-4PH, Ex 360/40 nm, Em 460/50 nm; TAP-2CY4El,
Ex 452 nm, Em 607 nm. Scale bar: 50 pm.
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Figure 3-12. Detection of A549 and H1299 individual cells in mixed culture.

The heatmap predicting cell types was generated from the deep learning model. The magenta squares

indicate cells predicted as A549, while the cyan squares indicate cells predicted as H1299.
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Table 3-3. Precision, Recall, and F1 score values of cell prediction.

Ratio of
7:3 5:5 3:7 1:9
A549 : H1299
Precision 0.987 0.988 0.953 0.943 0.895
Recall 0.868 0.942 0.952 0.953 0.944
F1 score 0.924 0.964 0.952 0.948 0.919

Values of Precision, Recall, and F1 score were calculated using the formula described in the method
section, utilizing following values: TP (True Positive): The number of cells predicted as A549 that were
actually A549; FP (False Positive): The number of cells predicted as A549 but were actually H1299; TN
(True Negative): The number of cells predicted as H1299 that were actually H1299; FN (False
Negative): The number of cells predicted as H1299 but were actually A549. These values obtained by

twenty independent images in each condition.
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Table 3-4. Precision and Recall score values of cell detection using images.

Condition Precision Recall
Multiplex staining 0.977 0.933
Phase contrast only 0.676 0.547
ab-TAP-4PH only 0.694 0.610
TAP-2CY4E1 only 0.621 0.535

Values of Precision and Recall score were calculated using the formula described in the method section,
utilizing following values: TP (True Positive): The number of cells predicted as A549 that were actually
A549; FP (False Positive): The number of cells predicted as A549 but were actually H1299; TN (True
Negative): The number of cells predicted as H1299 that were actually H1299; FN (False Negative): The
number of cells predicted as H1299 but were actually A549.
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3.4.7. Detection of PPM1D-inhibited adipocytes with deep learning

White adipocytes with PPM 1D inhibition differentiated into a novel subtype characterized by
multilocular lipid droplets and increased mitochondrial activity (refer to Section 2 Figure 2-5, 2-6, and
2-8). White adipocytes on day 8 of differentiation (day+0), control white adipocytes 7 days post day+8
differentiation (Ctrl day+7), and white adipocytes treated with PPM1D inhibitor for 7 days post day+8
differentiation (SL-176 day+7) were stained with ab-TAP-4PH and TAP-2CY4E1 and observed under a
fluorescence microscope (Figure 3-13). SL-176 day+7 exhibited lower fluorescence intensity of ab-
TAP-4PH compared to day+0 and Ctrl day+7. Furthermore, TAP-2CY4E1 showed strong fluorescence
in the lipid droplets of adipocytes, with SL-176 day+7 exhibiting smaller-sized lipid droplets compared
to day+0 and Ctrl day+7. Day—+0 cells were defined as state I type cells, Ctrl day+7 cells with large lipid
droplets as state II type cells, and SL-176 day+7 cells with smaller, multilocular lipid droplets as state
IIT type cells. A deep learning model was trained to classify these three cell types and analyze the
differentiation process of adipocytes under PPM1D inhibition (Figure 3-14). The results showed that
state I type cells were predominant in day+0, state Il type cells in Ctrl day+7, and state III type cells in
SL-176 day+7. This classification effectively distinguished day+0, Ctrl day+7, and SL-176 day+7
populations. In the control group, the proportion of state I1 type cells increased progressively from day-+0
to day+2, day+4, and day+7, while the proportion of state I type cells decreased. Conversely, in the SL-
176 group, the proportion of state II type cells increased from day+0 to day+4 and then decreased from
day+4 to day+7. Meanwhile, the proportion of state III type cells gradually increased from day+0 to
day+7, with a concurrent decrease in state I type cells. The results demonstrated that the deep learning
model effectively distinguished changes in cell type populations, even though single-cell-level
classification was not achieved.

Changes in the proportions of the three cell types are presented in Table 3-5 and Figure 3-15.

At the start of differentiation (day+0), almost all cells (around 99%) were classified as state 1. In the
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control group, state II cells started to appear by day+2 and gradually increased, eventually making up
the majority by day+7 (approximately 80%). State III cells remained a minor subset during this period.
In contrast, in the SL-176-treated group, state II cells increased rapidly between day+2 and day+4.
However, by day+7, most cells (over 80%) had shifted to state III, which is characterized by smaller,
multilocular lipid droplets. These results indicate that, under control conditions, cells progressively
transition from state I to state Il (with large lipid droplets) over seven days. Meanwhile, under PPM1D
inhibition, cells initially increase in state II but ultimately adopt the state III phenotype marked by
smaller, multilocular lipid droplets. In conclusion, multiplex staining with TAP derivatives effectively

distinguished populations of white adipocytes.
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Figure 3-13. Fluorescence imaging of ab-TAP-4PH and TAP-2CY4E1 in 3T3-L1 adipocytes.

Fluorescence microscopy images of 3T3-L1 adipocytes day8 (day+0), 3T3-L1 adipocytes day15 (Ctrl
day+7) and PPM1D-inhibited 3T3-L1 adipocytes (SL-176 day+7) costained with ab-TAP-4PH TAP-
2CY4E1 (20 uM) and TAP-2CY4E1 (10 uM) for 30 min at 37°C. 3T3-L1 cells were differentiated into
adipocytes for 8 days followed by treatment of SL-176 (15 uM) for 7 days. ab-TAP-4PH, Ex 360/40 nm,
Em 460/50 nm; TAP-2CY4E1, Ex 452 nm, Em 607 nm. Scale bar: 50 um.
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Figure 3-14. Prediction of adipocyte cell types.

The heatmap predicting cell types was generated using the deep learning model. Day+0 cells were
defined as state I type cells, Ctrl day+7 cells with large lipid droplets as state II type cells, and SL-176
day+7 cells with small, multilocular lipid droplets as state III type cells. The green squares indicate cells
predicted as state I type cell, the cyan squares indicate cells predicted as state II type cell, and the

magenta squares indicate cells predicted as state I1I type cell.
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Table 3-5. Probability of adipocyte cell types.

State I type cell (%)  State II type cell (%) State III type cell (%)

day+0 99.28 £ 0.58 0.72 £0.58 0.00 + 0.00

day+2 71.72 £2.91 26.91 £2.93 1.37 £ 0.65

Ctrl day+4 29.71+£4.76 67.48 £4.97 2.81+£0.49
day+7 0.71 £0.40 79.90 + 1.54 19.39 £ 1.37

day+2 81.81 £1.22 17.90 £ 1.18 0.29+0.15

SL-176 day+4 3.52+1.66 83.67 £2.82 12.80 £ 3.01
day+7 0.00 £ 0.00 16.15+£4.70 83.85+4.70

Values are presented as the mean + S.D. of values obtained via four independent sets, each set consisting

of 45 pictures out of a total of 180 pictures in each condition.
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Figure 3-15. Proportion of adipocyte cell types.

Bar chart showing the percentages of adipocyte cell types (state I, state II, and state III) in 3T3-L1
adipocytes from day+0 to day+7, with and without SL-176 treatment.
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3.5. Discussion

ab-TAP-4PH, which contains an aminobutyl group in its side chain, exhibited pH-dependent
changes in fluorescence intensity, with an increase in fluorescence intensity as the pH decreased. The
analysis of intracellular localization revealed a strong localization in the ER and lysosomes. The pH of
lysosomes is in the range of 4.5 to 5.0, representing a low pH environment within the cell [21]. Therefore,
it is suggested that the high fluorescence intensity of ab-TAP-4PH in lysosomes is due to this acidic
environment. TAP-2CY4E1 exhibited high fluorescence intensity in DCM, which is a highly
hydrophobic solvent, and localization analysis indicated strong localization in the ER and lipid droplets.
Lipid droplets are highly hydrophobic organelles surrounded by a phospholipid monolayer containing
triacylglycerols and cholesterol [22], which explains the strong fluorescence of TAP-2CY4El in
hydrophobic environments. Abnormal pH changes are associated with cellular dysfunction and are
observed in various diseases, including cancer and neurodegenerative disorders [23]. Moreover, the
complex parameter of polarity is suggested to be closely related to various physiological processes such
as membrane fusion, protein denaturation, and peptide aggregation. Abnormal polarity changes are
closely linked to diseases like diabetes and cancer [24]. Therefore, multiplex staining with ab-TAP-4PH
and TAP-2CY4E] has the potential to detect cellular dysfunction caused by abnormal pH changes and
polarity shifts. Additionally, it has been demonstrated that ab-TAP-4PH and TAP-2CY4E]1 can visualize
various cellular states due to their broad localization and fluorescence emission within cells.

The addition of ab-TAP-4PH and TAP-2CY4El showed almost no cytotoxicity at high
concentrations in A549 and MEF cells. Furthermore, they could be easily removed through wash-out
with PBS, having little to no impact on the cells even after removal. These findings demonstrate that ab-
TAP-4PH and TAP-2CY4E1 are extremely low in cytotoxicity and can be used as fluorescent probes in
live cells.

Staining human alveolar basal epithelial adenocarcinoma cells A549 and human non-small cell
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lung cancer-derived H1299 with ab-TAP-4PH and TAP-2CY4E1 revealed distinct fluorescence patterns
for each cell type. These differences in fluorescence patterns are likely due to variations in hydrophobic
regions, pH, and the sizes of intracellular organelles between A549 and H1299 cells Furthermore, by
mixing A549 and H1299 cells and staining them with ab-TAP-4PH and TAP-2CY4E1, machine learning
was employed for cell identification, demonstrating the ability to distinguish cell types at the single-cell
level. In live cell identification, several fluorescent probes that are protein-oriented or metabolism-
oriented and specialized for identifying specific cell types have been reported [5]. Multiplex staining
with ab-TAP-4PH and TAP-2CY4E1, which broadly localize within cells and visualize cellular states,
suggests a novel approach for facilitating the identification of various cell types.

Multiplex staining with ab-TAP-4PH and TAP-2CY4E1 successfully distinguished different
types of adipocytes. In control (Ctrl) adipocytes, both state II cells with large lipid droplets and state III
cells with small, multilocular lipid droplets increased over the 7-day differentiation period, with state 11
cells eventually becoming predominant. By contrast, in PPM1D-inhibited adipocytes, state II cells
initially increased up to day+4 but then decreased by day+7, while state I1I cells gradually became more
frequent and ultimately predominated on day+7. These findings suggest that PPM1D inhibition may
promote the formation of state III cells. It is also possible that state III cells arise through different
pathways under control conditions and under PPM1D inhibition.

In this study, single-cell-level identification of adipocytes was not achieved. Whereas PPM1D-
inhibited adipocytes developed small, multilocular lipid droplets, Ctrl adipocytes formed large lipid
droplets, indicating that the deep learning model likely relies on changes in lipid droplet morphology
for distinguishing different adipocyte types. Developing TAP derivatives that stain nuclei, along with
multiplex staining using three types of TAP derivatives, could make single-cell-level identification of
adipocytes feasible. In the future, such an approach would enable more detailed analyses of the novel

subtype that emerges under PPM 1D inhibition.
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In this study, I developed a novel method for visualizing the cellular states and identifying

cells at the single-cell level using multiplex staining with ab-TAP-4PH and TAP-2CY4EI.
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4. Conclusions

White adipocytes play a crucial role in energy storage and release, maintaining systemic energy
homeostasis. Excessive formation of lipid droplets, which store energy, leads to hypertrophy of white
adipocytes, contributing to obesity. PPM1D is involved in various physiological functions, including
immune responses and spermatogenesis. Recently, PPM1D has been suggested to play a role in lipid
accumulation and metabolic regulation. Our laboratory has previously demonstrated that inhibition of
PPM1D suppresses adipocyte differentiation.

In Chapter 2, the role of PPM1D in adipocyte differentiation and lipid droplet formation was
analyzed. PPM1D was shown to regulate differentiation during the early stages of white adipocyte
differentiation by inducing the expression of transcription factors. Additionally, PPM1D was found to
control lipid droplet formation by dephosphorylating perilipin 1 at Ser511. Furthermore, it was
suggested that PPMI1D is involved in the differentiation of a novel subtype of adipocytes with
characteristics of beige adipocytes. These results clarify that PPM 1D regulates adipocyte differentiation
and lipid droplet formation.

In Chapter 3, a novel cell identification method using new TAP derivatives was developed.
Multicolor staining was performed using ab-TAP-4PH, which possesses an aminobutyl group, and TAP-
2CY4E1, which includes 3-cyano benzoic acid, both newly designed TAP derivatives. When cellular
images of lung cancer-derived p53 wild-type and p53-deficient cells were analyzed using a deep learning
model, the cells were identified with exceptionally high accuracy. These findings demonstrate that
multicolor staining with the novel TAP derivatives ab-TAP-4PH and TAP-2CY4E1 enables highly
accurate identification of cellular states and responses at the single-cell level. Furthermore, the cell
identification method through multiplex staining with TAP derivatives by the deep learning model
successfully identified the novel subtype induced by PPM1D inhibition in adipocytes. In the future,

achieving single-cell-level identification in adipocytes is expected to enable detailed analyses of this
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novel subtype.

In summary, I have elucidated the regulatory mechanisms of adipocyte differentiation and
maturation mediated by PPM1D phosphatase. Furthermore, I have demonstrated a novel single-cell
analysis method using new TAP derivatives and deep learning. This study has the potential to contribute

to the development of treatments for obesity and obesity-related diseases.
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