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GENERAL INTRODUCTION 

 Cellular membranes have multiple functions, which are conferred by the 

unique composition and organization of proteins and lipids. In eukaryotic cells, lipid 

bilayers of the plasma membrane and organelle membranes exhibit asymmetric 

distribution of phospholipids (1-3). For example, in human erythrocytes, 

phosphatidylserine (PS) and phosphatidylethanolamine (PE) are restricted primarily to 

the inner leaflet of the plasma membrane, whereas phosphatidylcholine (PC) and 

sphingomyelin (SM) are enriched on the cell surface (Fig. 0-1) (4, 5). Regulated 

exposure of PS to the outer leaflet is critical for some biological processes, such as 

apoptotic cell death, platelet coagulation, and fusion of muscle cells (5-7), indicating the 

importance of lipid asymmetry at steady state. The asymmetric distribution of 

phospholipids is maintained and regulated by energy-dependent transbilayer lipid 

translocases, flippases and floppases. It is defined that “flip” indicates a unidirectional 

translocation of phospholipids from the exoplasmic/luminal to the cytoplasmic leaflet in 

biological membranes and “flop” indicates a translocation in the opposite direction. 

 An ATP-dependent aminophospholipid translocase activity was discovered 

in the plasma membrane of human erythrocytes (8). Subsequently, type IV P-type 

ATPases (P4-ATPases), which is a subfamily of P-type ATPase superfamily, were 

identified as flippases in eukaryotic cells (Fig. 0-1) (9-13). In general, P-type ATPases 

transport cations across membranes (e.g. H+/K+-ATPase, Na+/K+-ATPase, Ca2+-ATPase, 

etc.), whereas P4-ATPases translocate phospholipids, which are much larger than 

cations (Fig. 0-2). P4-ATPases are present in all eukaryotic cells and current knowledge 

on cellular functions of P4-ATPases is mostly derived from studies in the yeast 

Saccharomyces cerevisiae (Fig. 0-3). Like other P-type ATPases, flippase activities of 

P4-ATPases are coupled to their ATPase cycle, called Post-Albert cycle (Fig. 0-2) (14). 

Mammals express 14 P4-ATPases: class 1 (ATP8A1, ATP8A2, ATP8B1, ATP8B2, 

ATP8B3, and ATP8B4), class 2 (ATP9A and ATP9B), class 5 (ATP10A, ATP10B, and 

ATP10D), and class 6 (ATP11A, ATP11B, and ATP11C) (Fig. 0-3). In contrast, yeast 

contains five P4-ATPases (Drs2p, Neo1p, Dnf1p, Dnf2p, and Dnf3p) (Fig. 0-3). 

P4-ATPases form a heteromeric complex with members of the CDC50 family 

(CDC50A, CDC50B, and CDC50C) (Fig. 0-3) (12, 15). CDC50 proteins are believed to 
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be a chaperone-like protein for P4-ATPases and most mammalian P4-ATPases, except 

for ATP9A and ATP9B, require association with CDC50 proteins for their exit from the 

endoplasmic reticulum (ER) and subsequent subcellular localization (Fig. 0-3) (16-20).  

Historically, aminophospholipid translocase activity was first found in 

erythrocytes and the responsible protein was identified as ATP8A1 (a member of 

P4-ATPase family, Fig. 0-3). Thus, P4-ATPases were thought to flip 

aminophospholipids, although it has been reported that even PC can be translocated by 

yeast P4-ATPases (11). In the previous study, our laboratory showed that ATP11A and 

ATP11C flip NBD-labeled aminophospholipids, NBD-PS and -PE, and ATP8B1 and 

ATP8B2 preferentially flip NBD-PC at the plasma membrane (21). 

 The phospholipid asymmetry regulated by P4-ATPases is indispensable for 

homeostasis of multicellular organisms. Loss of phospholipid asymmetry due to 

mutations in the human FIC1/ATP8B1 gene causes progressive familial intrahepatic 

cholestasis 1 (PFIC1) (22, 23). Our laboratory previously showed that some of ATP8B1 

mutants found in PFIC1 patients failed to flip PC, indicating that PC flipping activity at 

the bile canaliculi is critical for proper bile excretion in liver (21). Mutations in ATP8A2 

are associated with a severe neurological disorder characterized by cerebellar ataxia, 

mental retardation, and disequilibrium syndrome (24). ATP11C deficiency causes a 

defect in B-cell maturation, altered erythrocyte shape, and anemia (25, 26). During 

apoptosis, ATP11C undergoes caspase-mediated cleavage and is consequently 

inactivated, resulting in PS exposure on the cell surface (27). Heterozygous deletion of 

ATP10A in mice causes diet-induced obesity, type 2 diabetes, and nonalcoholic fatty 

liver disease, implicating ATP10A in obesity-related metabolic abnormalities (28). 

ATP10A is also implicated in regulation of insulin-stimulated glucose uptake (29, 30). 

ATP10D variants are associated with myocardial infarction in German population and 

with atherosclerosis in Japanese elderly population (31, 32). However, the enzymatic 

characteristics, subcellular localization, and cellular functions of class 5 P4-ATPases 

(ATP10A, ATP10B, and ATP10D) remain unknown.  

 In this study, I first characterized the interaction of class 5 P4-ATPases with 

CDC50 proteins and determined their subcellular localization (Chapter 1). Next, I 

investigated their flippase activities and found that ATP10A exhibited a flippase activity 

toward NBD-PC but not toward NBD-aminophospholipids. Moreover, I found that 
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enhanced PC flipping activity in cells due to exogenous ATP10A expression caused a 

change in cell morphology and dynamic state of β1-integrin resulting in delayed cell 

adhesion and cell spreading (Chapter 2).  
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Fig.0-1. Establishment and maintenance of phospholipid asymmetry in the plasma 

membrane. 

In eukaryotic cells, the distribution of phospholipids is different between the exoplasmic 

and cytoplasmic leaflet. In the plasma membrane, PS and PE are concentrated in the 

cytoplasmic leaflet, whereas PC and SM are enriched in the exoplasmic leaflet. This 

asymmetric distribution of phospholipids is maintained and regulated by transbilayer 

phospholipid translocation, called “flip-flop”. P4-ATPases act as flippases, which 

translocate phospholipids from the exoplasmic to the cytoplasmic leaflet. 
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Fig. 0-2. A schematic representation of P4-ATPase reaction cycle.  

The reaction cycle of P4-ATPases (right) is based on the Post–Albers scheme for other 

P-type ATPases, such as Na+/K+-ATPase (left) and Ca2+-ATPase. The phosphoryl group 

transfer from ATP to an Asp residue converts E1 state to the phosphorylated E1–P state. 

The phosphorylated E2–P state then forms, and phospholipids bind from the exoplasmic 

leaflet. The hydrolysis of the phosphorylated Asp leads to E2 state and then to E1 state, 

translocating phospholipids to the cytoplasmic leaflet.  
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Fig.0-3. Mammalian and yeast P4-ATPases and CDC50 proteins. 

P4-ATPases, except for ATP9A and ATP9B, form heteromeric complexes with CDC50 

proteins. The interaction of P4-ATPases with proper CDC50 proteins is necessary for 

their exit from the ER.  
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ABBREVIATIONS 

ATP adenosine triphosphate 

BSA bovine serum albumin 

CD147 cluster of differentiation 147 

CDC50 cell division control protein 50 

cDNA complementary deoxyribonucleic acid 

DSP dithiobis[succinimidylpropionate] 

ECM extracellular matrix 

EDTA ethylenediaminetetraactic acid 

EEA1 early endosomal antigen 1 

ER endoplasmic reticulum 

FBS fetal bovine serum 

HA hemagglutinin 

HBSS Hank’s balanced salt solution 

Lamp-1 lysosome-associated membrane protein 1 

MHC-I major histocompatibility complex 1 

mRNA messenger RNA 

NBD nitrobenzoxadiazole 

P4-ATPase type IV P-type ATPase 

PBS phosphate buffered saline 

PC phosphatidylcholine 

PCR polymerase chain reaction 

PE phosphatidylethanolamine 

PFIC progressive familial intrahepatic cholestasis 

PIP2 phosphatidylinositol 4,5-bisphsphate 

PS phosphatidylserine 

RNA ribonucleic acid 

RNAi RNA interference 
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RPE retinal pigment epithelial 

RT-PCR reverse transcription PCR 

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

siRNA small interfering RNA 

SM sphingomyelin 

TfnR transferrin receptor 

TM transmembrane 

WT wild-type 
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Chapter 1: Subcellular localization of class 5 P4-ATPases 

and requirement of CDC50 proteins for their localization 

 

ABSTRACT 

  Type IV P-type ATPases (P4-ATPases) are phospholipid flippases that 

translocate phospholipids from the outer leaflet to the inner leaflet of lipid bilayers, and 

most of them form heteromeric complexes with CDC50 proteins (16-20). The human 

genome encodes 14 P4-ATPases and three CDC50 proteins. In the previous study, our 

laboratory showed that class 1 and 6 P4-ATPases require CDC50 proteins for their exit 

from the endoplasmic reticulum (ER) and localize to the plasma membrane or to 

cellular organelles. In contrast, class 2 P4-ATPases are able to exit the ER without the 

need of their interaction with CDC50 proteins (20). However, the interaction with 

CDC50 proteins and the subcellular localization of class 5 P4-ATPases (ATP10A, 

ATP10B, and ATP10D) are poorly understood. In this study, I revealed that the 

localization of class 5 P4-ATPases to the plasma membrane (ATP10A and ATP10D) and 

late endosomes (ATP10B) requires an interaction with CDC50A. Depletion of 

endogenous CDC50A caused ATP10A and ATP10D to be retained at the ER, instead of 

being delivered to the plasma membrane. Moreover, I found that a chimeric ATP10 

protein, in which the N-terminal cytoplasmic region of ATP10A was replaced with the 

corresponding region of ATP10B, was localized exclusively to late endosomes. On the 

other hand, a chimeric ATP10B construct with the N-terminal cytoplasmic region of 

ATP10D was localized to the plasma membrane. These results demonstrate that class 5 

P4-ATPases can exit the ER via their interaction with CDC50A and they contain a 

signal for subcellular localization in their N-terminal cytoplasmic region.  
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INTRODUCTION 

Lipid bilayers of cellular membranes exhibit asymmetric lipid distributions 

(1-3). For example, in the plasma membrane of mammalian cells, phosphatidylserine 

(PS) and phosphatidylethanolamine (PE) are concentrated in the cytoplasmic leaflet, 

while phosphatidylcholine (PC) and sphingomyelin (SM) are enriched in the 

extracellular/exoplasmic leaflet. P4-ATPases are phospholipid flippases that translocate 

phospholipids from the exoplasmic to the cytoplasmic leaflet of the lipid bilayer and 

play essential roles in generation, maintenance, and spatiotemporal regulation of the 

membrane asymmetry (4, 5).  

Most P4-ATPases require an association with CDC50 proteins for their exit 

from the endoplasmic reticulum (ER) and subsequent subcellular localization (16-20). 

The yeast Saccharomyces cerevisiae expresses five P4-ATPases (Drs2p, Dnf1p, Dnf2p, 

Dnf3p, and Neo1) and three CDC50 proteins (Cdc50p, Lem3p, and Crf1p). Cdc50p, 

Lem3p, and Crf1p associate with Drs2p, Dnf1p/Dnf2p, and Dnf3p, respectively (Fig. 

0-3) (12, 15). By contrast, Neo1p does not require the association with either Cdc50p or 

Lem3p (12). The human genome encodes 14 P4-ATPases, which are grouped into some 

classes on the basis of sequence similarity: class 1a (ATP8A1 and ATP8A2), class 1b 

(ATP8B1, ATP8B2, ATP8B3, and ATP8B4), class 2 (ATP9A and ATP9B), class 5 

(ATP10A, ATP10B, and ATP10D), and class 6 (ATP11A, ATP11B, and ATP11C) (Fig. 

0-3). Although mammals have three CDC50 proteins (CDC50A, CDC50B, and 

CDC50C), CDC50C expression is restricted to spermatocytes and spermatids (Fig. 0-3) 

(17, 19). Previous studies showed that most class 1 and class 6 P4-ATPases are 

associated with CDC50A, but not with CDC50B, whereas ATP8B1 interacted with both 

CDC50A and CDC50B (16-20). Class 2 P4-ATPases does not associate with either 

CDC50A or CDC50B as Neo1p in yeast (Fig. 0-3) (20). However, the interaction with 

CDC50 proteins of class 5 P4-ATPases (ATP10A, ATP10B, and ATP10D) remains 

unknown. It has been suggested that defects in ATP10A or ATP10D are associated with 

the abnormality of lipid metabolism, such as obesity and diabetes in mice (28, 30, 33), 

although cellular functions of class 5 P4-ATPases are unknown.  

In this chapter, I characterized the subcellular localization of class 5 

P4-ATPases and their interaction with CDC50 proteins. I demonstrated that ATP10A 



 

14 
 

and ATP10D are localized to the plasma membrane, and ATP10B to late 

endosomes/lysosomes in a CDC50A-depndent manner, and found that their N-terminal 

cytoplasmic regions harbor a signal for subcellular localization. 



 

15 
 

RESULTS 

CDC50-dependent Subcellular Localization of ATP10A, ATP10B, and ATP10D 

I transiently expressed C-terminally HA-tagged class 5 P4-ATPases in HeLa 

cells, either alone or in combination with N-terminally FLAG-tagged CDC50A or 

CDC50B (Fig 1-1), and observed their localization. In the absence of exogenous 

CDC50 expression or in the presence of exogenous CDC50B, all three class 5 

P4-ATPases were predominantly localized to the ER, as demonstrated by their almost 

complete overlap with an ER marker protein, calnexin (Fig.1-1A and B, a-a” and c-c”). 

By contrast, in the presence of exogenous CDC50A, ATP10A and ATP10D were 

localized predominantly on the plasma membrane (Fig. 1-1A and C, b-b”), and ATP10B 

was localized on punctate structures in the cytoplasm (Fig.1-1B, b-b”). The perinuclear 

staining of ATP10A, ATP10B, and ATP10D might reflect proteins en route to the plasma 

membrane in the biosynthetic pathway.  

Next, I compared the subcellular localization of these ATPases with organelle 

marker proteins (Fig. 1-2). ATP10A and ATP10D were colocalized extensively with a 

plasma membrane marker, CD147 (Fig. 1-2A). On the other hand, the punctate ATP10B 

staining overlapped with that of a late endosomal/lysosomal marker, Lamp-1 (Fig. 

1-2B), but rarely with an early endosomal marker, EEA1, or an early/recycling 

endosomal marker, TfnR, indicating that ATP10B is localized mainly to late endosomes 

and lysosomes. ATPase-deficient glutamate-to-glutamine mutants (21, 34) of ATP10A 

and ATP10D were colocalized with markers for the plasma membrane, whereas an 

analogous mutant of ATP10B was localized to endosomes/lysosomes (Fig. 1-3) in the 

presence of exogenous CDC50A, indicating that ATPase activity may not be a 

prerequisite for their exit from the ER or delivery to their final destinations. Notably, 

expression of ATP10A, but not ATP10A(E203Q), caused significant changes in cell 

shape (Fig. 1-2A and Fig. 1-3); I discuss the physiological relevance of this observation 

in Chapter 2. 

 

Association of ATP10A, ATP10B, and ATP10D with CDC50A 

I next investigated whether class 5 P4-ATPases interact physically with 

CDC50A. To this end, I transiently transfected HeLa cells with expression vectors for 
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C-terminally HA-tagged P4-ATPase and N-terminally FLAG-tagged CDC50A, 

prepared total lysate from the transfected cells, immunoprecipitated the lysates with 

anti-HA antibody, and subjected the immunoprecipitates to immunoblotting with 

anti-HA or anti-FLAG antibody (Fig. 1-4). Expression of the tagged proteins was 

confirmed by immunoblotting of total cell lysates (Fig. 1-4, input). As shown in the 

bottom two panels in Fig. 1-4A, ATP10A-HA co-immunoprecipitated FLAG-CDC50A 

but much less efficiently than ATP8B1 and ATP11A; FLAG-CDC50A migrated as a 

smear in the SDS-polyacrylamide gel, probably due to heterogeneous glycosylation (20). 

To my surprise, however, FLAG-CDC50A was not co-immunoprecipitated when 

co-expressed with ATP10B-HA or ATP10D-HA (Fig. 1-4A, lanes 4 and 5). These 

results suggest that the interaction of the ATP10 proteins with CDC50A might be 

transient or much weaker than that of other P4-ATPases. To overcome this problem, I 

performed co-immunoprecipitation analysis after treating the cells with a thiol-cleavable 

cross linker, DSP (Fig. 1-4B). Lysates prepared from the transfected cells were then 

immunoprecipitated with anti-HA antibody, and subjected to SDS-PAGE under 

reducing conditions followed by immunoblotting with anti-HA or anti-FLAG antibody 

(Fig. 1-4B). After the DSP treatment, CDC50A was co-immunoprecipitated with 

ATP10B and ATP10D (Fig. 1-4B, lanes 12 and 13) as well as with ATP10A (lane 11). 

The amount of CDC50A that was co-immunoprecipitated with ATP10D increased 

dramatically in the presence of DSP (Fig. 1-4, compare lane 5 with lane 13), whereas 

that co-immunoprecipitated with ATP10A or ATP10B increased slightly. Thus, the 

interaction between CDC50A and ATP10 proteins, especially ATP10B and ATP10D, 

may not be as stable as the interaction between CDC50A and other P4-ATPases, such as 

ATP8B1 and ATP11A. Because nonspecific bands can be detected in the presence of 

DSP, I made use of a transmembrane protein, ABCB4, an ABC transporter that localizes 

to the plasma membrane (35), as a negative control and quantified the band intensities. 

Taken together, these data indicate that CDC50A interacts physically with ATP10 

proteins, but with lower affinity than with other P4-ATPases, and is required for their 

exit from the ER followed by localization to their destinations. 

 

CDC50A Knockdown Induces Mislocalization of ATP10A and ATP10D 

I next examined whether endogenous CDC50A is critical for plasma 
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membrane localization of ATP10A and ATP10D. To this end, I first established cells 

stably expressing C-terminally HA-tagged ATP10A, ATP10D, ATP8B1 or ATP11A by 

infection of recombinant retrovirus (immunoblotting data are shown in Chapter 2, Fig. 

2-1). Although exogenous expression of CDC50A is required for the proper localization 

of transiently expressed P4-ATPases, stably expressed P4-ATPases were detected at the 

plasma membrane in the absence of exogenous CDC50A expression, indicating that the 

endogenous CDC50A level was sufficient for the localization of the P4-ATPases due to 

their moderate expression levels (Fig. 1-5A, siLacZ). I knocked down endogenous 

CDC50A by RNAi in these cells and confirmed specific and efficient knockdown of 

CDC50A by RT-PCR (Fig. 1-5B). CDC50A depletion caused mislocalization of 

ATP10A, ATP10D, ATP8B1 and ATP11A to the ER, overlapping with calnexin (Fig. 

1-5A, siCDC50A). These observations strongly support the idea that endogenous 

CDC50A is required primarily for the ER exit and plasma membrane localization of 

ATP10A, ATP10D, ATP8B1, and ATP11A. 

 

N-terminal Region of ATP10 Harbors Subcellular Localization Signal 

Our laboratory previously showed that the N-terminal cytoplasmic region of 

ATP9B is required for its Golgi localization (20). I hypothesized that the N-terminal 

cytoplasmic regions of the ATP10 family proteins might be also responsible for their 

distinct localization; ATP10A and ATP10D to the plasma membrane, and ATP10B to 

late endosomes/lysosomes (Fig. 1-2). To address this hypothesis, I constructed chimeric 

proteins of ATP10A and ATP10B, or ATP10D and ATP10B, and transiently expressed 

them with CDC50A in HeLa cells (Figs. 1-6 and 1-7). The ATP10BA construct, in 

which the N-terminal cytoplasmic region of ATP10A was replaced with that of ATP10B, 

no longer localized to the plasma membrane (Fig. 1-6A), but exclusively localized to 

late endosomes/lysosomes, overlapping with Lamp-1, but not with EEA1 or TfnR 

(Fig.1-6B). On the other hand, the ATP10DB chimera, in which the N-terminal region 

of ATP10B was replaced with that of ATP10D, did not localize to endosomes, but was 

partly delivered to the plasma membrane and some remained in the ER (Fib. 1-7, 

bottom panels). The ATP10AB chimera, in which the N-terminal region of ATP10B was 

replaced with that of ATP10A, mislocalized to the ER (Fig. 1-7, middle panels), 

suggesting that ATP10AB may fail to fold properly at some point along its biosynthetic 
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pathway. Taken together, these results suggest that the N-terminal cytoplasmic region of 

ATP10B contains a signal for late endosomes/lysosomes localization and that of 

ATP10D contains a signal for the plasma membrane localization.  
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Fig. 1-1. Changes in localization of transiently expressed class 5 P4-ATPases upon 

co-expression of CDC50. 

HeLa cells were transiently co-transfected with an expression vector for C-terminally 

HA-tagged P4-ATPase and a control vector (a, a’, and a”) or expression vector for 

N-terminally FLAG-tagged CDC50A (b, b’, and b”) or CDC50B (c, c’, and c”). After 

48 h of transfection, the cells were fixed and processed for immunofluorescence 

microscopy. Cells were stained with anti-HA, anti-FLAG, and anti-calnexin antibodies 

followed Cy3-conjugated anti-rat, Alexa Fluor 647-conjugated anti-rabbit, and Alexa 

Fluor 488-conjugated anti-mouse antibodies. Left insets show cells expressing 

FLAG-tagged CDC50A or CDC50B. Bars, 20 μm. 
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Fig, 1-2. Subcellular localization of class 5 P4-ATPases. 

HeLa cells were transiently co-transfected with expression vectors for C-terminally 

HA-tagged P4-ATPase and N-terminally FLAG-tagged CDC50A. After 48 h of 

transfection, the cells were fixed and processed for immunofluorescence analysis. A, For 

plasma membrane staining, the cells were incubated with Alexa Fluor 488-conugated 

anti-CD147 antibody to label the cell surface prior to fixation. The fixed cells were 

permeabilized and incubated with anti-HA and anti-FLAG antibodies followed by 

Cy3-conjugated anti-rat and Alexa Fluor 647-conjugated anti-rabbit antibodies. B, The 

fixed cells were stained with antibodies against HA or FLAG and Lamp-1, EEA1, or 

TfnR, as indicated, followed by Cy3-conjugated anti-rat, Alexa Fluor 647-conjugated 

anti-rabbit, and Alexa Fluor 488-conjugated anti-mouse antibodies. Right panels 

represent enlarged images of the boxed regions. Left insets show cells expressing 

FLAG-tagged CDC50A. Bars, 20 μm. Bars in enlarged images, 10 μm. 
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Fig. 1-3. Localization of the ATPase-deficient mutants of class 5 P4-ATPases. 

HeLa cells were transiently co-transfected with an expression vector for a glutamate 

mutant of P4-ATPase with a C-terminal HA tag and for N-terminally FLAG-tagged 

CDC50A. After 48 h of transfection, the cells were fixed and processed for 

immunofluorescence microscopy. For plasma membrane staining, cells were incubated 

with Alexa Fluor 488-conugated anti-CD147 antibody to label the surface prior to 

fixation. The fixed cells were permeabilized and incubated with anti-HA and anti-FLAG 

antibodies followed by Cy3-conjugated anti-rat and Alexa Fluor 647-conjugated 

anti-rabbit antibodies. Alternatively, fixed cells were stained with antibodies against HA 

or FLAG and Lamp-1 followed by Cy3-conjugated anti-rat, Alexa Fluor 647-conjugated 

anti-rabbit, and Alexa Fluor 488-conjugated anti-mouse antibodies. Right panels 

represent enlarged images of the boxed regions. Left insets show cells expressing 

FLAG-tagged CDC50A. Bar, 20 μm. Bar in enlarged image, 10 μm. 
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Fig. 1-4. Co-immunoprecipitation analysis to detect interactions between 

P4-ATPases and CDC50 proteins.  

HeLa cells were transfected with an expression vector for FLAG-CDC50A, either alone 

(lanes 2 and 10) or in combination with an expression vector for HA-tagged 

P4-ATPases or HA-tagged ABCB4 (lanes 8 and 16). In mock lanes (lanes 1 and 9), 

HeLa cells were transfected with an empty vector in the absence (A) or presence (B) of 

cross-linker DSP as indicated. After 48 h of transfection, the cells were mock-treated 

with dimethyl sulfoxide (A) or treated with DSP (B), lysed, and immunoprecipitated 

with anti-HA antibody. Bound material and 10% of input were subjected to SDS-PAGE 

and immunoblotting using anti-HA or anti-FLAG antibody. The numerical values 

shown in the bottom panel of B are the relative band intensities of 

co-immunoprecipitated CDC50A when the band intensity in the mock lane is expressed 

as 1.0. 
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Fig.1-5. Depletion of CDC50A abolishes the plasma membrane localization of 

P4-ATPases. 

A, HeLa cells stably expressing HA-tagged ATP10A, ATP10D, ATP8B1, and ATP11A 

were treated with a pool of siRNAs targeting LacZ or CDC50A. After 72 h, cells were 

fixed and processed for immunofluorescence analysis. For ER staining, the fixed and 

permeabilized cells were incubated with anti-HA and anti-calnexin antibodies followed 

by Cy3-cojugated anti-rat and Alexa Fluor 488-conjugated anti-mouse antibodies. For 

plasma membrane staining, cells were treated as described in the legend for Fig. 1-2. 

Bar, 20 μm. B, siRNA-treated cells were lysed to isolate total RNAs, which were 

processed for RT-PCR. 
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Fig. 1-6. The N-terminal cytoplasmic region of ATP10B harbors a signal for late 

endosomes/lysosomes localization. 

HeLa cells were transiently co-transfected with an expression vector for 

FLAG-CDC50A and C-terminally HA-tagged ATP10A or a chimeric construct 

(ATP10BA) schematically shown on the right side. After 48 h of transfection, the cells 

were fixed and processed for immunofluorescence analysis. A, For plasma membrane 

staining, cells were incubated with anti-MHC-I antibody to label the surface prior to 

fixation. The fixed cells were permeabilized and incubated with anti-HA and anti-FLAG 

antibodies followed by Cy3-conjugated anti-rat, Alexa Fluor 647-conjugated anti-rabbit, 

and Alexa Fluor 488-conjugated anti-mouse antibodies. B, The fixed cells were stained 

with antibodies as described in the legend for Fig. 1-2. Right panels represent enlarged 

images of the boxed regions. Left insets show cells expressing FLAG-tagged CDC50A. 

Bars, 20 μm. Bars in enlarged images, 10 μm. 
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Fig. 1-7. Localization of chimeric constructs of ATP10AB and ATP10DB. 

HeLa cells were transiently co-transfected with an expression vector for 

FLAG-CDC50A and C-terminally HA-tagged ATP10B or a chimeric construct 

(ATP10AB or ATP10DB) schematically shown on the right side. Cells were fixed and 

stained with antibodies against HA or FLAG and ATP1A1 (marker for the plasma 

membrane) followed by Cy3-conjugated anti-rat, Alexa Fluor 488-conjugated 

anti-rabbit, and Dylight 649-conjugated anti-mouse antibodies. Right panels represent 

enlarged images of the boxed regions. Left insets show cells expressing FLAG-tagged 

CDC50A. Bar, 20 μm. Bar in enlarged image, 10 μm. 
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DISCUSSION 

CDC50 proteins are indispensable for the localization of class 1 (ATP8A1, 

ATP8A2, ATP8B1, ATP8B2, and ATP8B4) and class 6 (ATP11A, ATP11B, and 

ATP11C) P4-ATPases to cellular compartments (17-20). In this chapter, I demonstrated 

that class 5 P4-ATPases (ATP10A, ATP10B, and ATP10D) require an interaction with 

CDC50A, but not CDC50B, for their exit from the ER and localization to specific 

cellular compartments where they may exert their functions (Fig. 1-1 and Fig. 1-2).  

Class 5 P4-ATPases (especially ATP10B and ATP10D) may interact with 

CDC50A with lower affinity than that of ATP8B1 or ATP11A (Fig. 1-4). Even if the 

interaction of ATP10 proteins with CDC50A is not as strong as that of ATP8B1 or 

ATP11A, the interaction is critical for the localization of class 5 P4-ATPases to their 

final destinations: the plasma membrane for ATP10A and ATP10D and late 

endosomes/lysosomes for ATP10B (Fig. 1-1 and 1-2). When P4-ATPases were stably 

expressed in HeLa cells by infection of recombinant retroviral vectors, ATP10A, 

ATP10D, ATP8B1, and ATP11A were localized to their final destinations in the absence 

of exogenous CDC50A expression (Fig. 1-1 and Fig. 1-5). This result suggests that 

endogenous CDC50A might be sufficient for the localization of the P4-ATPases due to 

their moderate expression levels. In support of this, ATP10A, ATP10D, ATP8B1, and 

ATP11A were retained in the ER by depletion of endogenous CDC50A in cells stably 

expressing these P4-ATPases (Fig. 1-5); in the case of ATP10B, it was not able to 

localize to late endosomes/lysosomes, even when stably expressed in cells, unless 

exogenous CDC50A was co-expressed (data not shown). The mislocalizaiton of 

ATP10B to the ER even in stably expressing cells might be due to higher protein 

expression than other P4-ATPases and/or the lower affinity of ATP10B to CDC50A than 

other P4-ATPases. 

I found that the distinct subcellular localization of ATP10A/ATP10D to the 

plasma membrane and ATP10B to late endosomes/lysosomes could be attributed to their 

N-terminal cytoplasmic regions. The ATP10BA chimera was localized exclusively to 

late endosomes/lysosomes, but not to the plasma membrane (Fig. 1-2 and Fig. 1-6), 

whereas the ATP10DB chimera was delivered to the plasma membrane, but no longer 

localized to endosomes (Fig. 1-7). These results indicate that the N-terminal 
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cytoplasmic region of ATP10B contains a signal for the endosomal localization and that 

of ATP10D harbors a signal for the plasma membrane localization. The fact that ATP9B 

(class 2 P4-ATPase) possesses a Golgi localization signal in its N-terminal cytoplasmic 

region (20), it would be a common mechanism by which the N-terminal cytoplasmic 

region may determine the localization of P4-ATPases. Therefore, it is an important 

challenge to identify factors that interact with the N-terminal regions of the ATP10 

family proteins for understanding their localization mechanisms. 

In summary, nine mammalian P4-ATPases (ATP8A1, ATP8A2, ATP8B1, 

ATP8B2, ATP8B4, ATP10A, ATP10D, ATP11A, and ATP11C) and three of 5 yeast 

P4-ATPases (Dnf1p, Dnf2p, and Dnf3p) are localized mainly to the plasma membrane 

(11, 20, 36), suggesting the importance of regulation of the phospholipid distribution at 

the plasma membrane. However, I cannot exclude the possibility that these P4-ATPases 

cycle between intracellular compartments and the plasma membrane, and play a role in 

the intracellular compartments. The change in transbilayer lipid composition at the 

plasma membrane mediated by P4-ATPases is involved not only in the regulated 

exposure of PS in apoptotic cells but also in membrane dynamics required for many 

cellular functions, such as cytokinesis, cell migration, and cell adhesion.  
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Chapter 2: Flippase activity and substrate specificity of 

ATP10A and its involvement in the plasma membrane 

dynamics 

 

ABSTRACT 

Our laboratory previously showed that ATP11A and ATP11C have flippase 

activity toward aminophospholipids (PS and PE), and ATP8B1 and ATP8B2 have 

flippase activity toward PC in the plasma membrane (21). I found that exogenous 

expression of ATP10A, but not its ATPase-deficient mutant ATP10A(E203Q), 

dramatically increased flipping of PC, but not PS or PE. Depletion of CDC50A 

abrogated the increased PC flipping activity observed by exogenous expression of 

ATP10A. These results demonstrate that ATP10A specifically flips PC at the plasma 

membrane. Importantly, expression of ATP10A, but not ATP10A(E203Q), dramatically 

altered the cell shape, decreased cell size, and delayed cell adhesion and cell spreading 

onto the extracellular matrix. Moreover, expression of ATP10A increased the rate of 

β1-integrin endocytosis. These results suggest that enhanced PC flipping activity due to 

exogenous ATP10A expression alters the transbilayer lipid balance at the plasma 

membrane, which may cause a change in cell morphology and in dynamic state of 

integrin, resulting in delayed cell adhesion and cell spreading. In addition, I found that 

ATP10A is endogenously expressed in limited cell lines, especially in highly invasive 

cells, suggesting that PC flipping by ATP10A may be involved in the plasma membrane 

dynamics during cell migration and/or invasion. 
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INTRODUCTION 

The lipid bilayer of cellular membranes exhibit asymmetric lipid distributions. 

In mammalian cells, the aminophospholipids, PS and PE, are abundant in the 

cytoplasmic leaflet, whereas PC and SM are enriched in the exoplasmic leaflet. 

P4-ATPases translocate phospholipids from the exoplasmic to the cytoplasmic leaflet 

and play a role in spatiotemporal regulation of transbilayer phospholipid distribution.  

Yeast cells express five P4-ATPases, Drs2p, Dnf1p, Dnf2p, Dnf3p, and Neo1p. 

Drs2p and Dnf1p/Dnf2p, flip NBD-labeled PS (NBD-PS) at the Golgi complex and 

NBD-PC and NBD-PE at the plasma membrane, respectively (11, 36). A recent study 

implicated Neo1p in concentrating PE in the cytosolic leaflet of the Golgi and 

endosomes (37). The yeast P4-ATPases are all involved in vesicular transport in the 

secretory and endocytic pathways, albeit at different stages (38). 

Although comprehension of the enzymatic properties of P4-ATPases is 

essential for understanding their physiological functions, flippase activities and 

substrate specificities of mammalian P4-ATPases has been poorly characterized. 

Recently, the flippase activities and cellular functions of some mammalian P4-ATPases 

were explored. Our laboratory showed that ATP11A and ATP11C can flip NBD-PS and 

-PE, and ATP8B1 and ATP8B2 preferentially flip NBD-PC at the plasma membrane 

(21). During apoptosis, ATP11C undergoes caspase-mediated cleavage and is 

consequently inactivated, resulting in PS exposure on the cell surface (27). Mutations in 

the ATP8B1 gene cause progressive familial intrahepatic cholestasis1 (PFIC1) (22, 23). 

The phenotypes of some PFIC1 patients result from impairment of PC-flippase activity 

of ATP8B1 (21). Lee et al. showed that PS flipping by ATP8A1 is required for the 

recruitment of the membrane fission protein to recycling endosomes and Kato et al. 

showed that PE flipping activity by ATP8A1 at the plasma membrane is required for 

cell migration (39, 40). Tanaka et al. demonstrated that ATP9A localized to 

early/recycling endosomes plays an important role in protein transport from endosomes 

to the plasma membrane (41). Heterozygous deletion of ATP10A in mice causes 

diet-induced obesity, type 2 diabetes, and nonalcoholic fatty liver disease, implicating 

ATP10A in obesity-related metabolic abnormalities (28). ATP10A is also implicated in 

regulation of insulin-stimulated glucose uptake (29, 30). ATP10D variants are 
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associated with myocardial infarction in German population and with atherosclerosis in 

Japanese elderly population (31, 32). However, the flippase activities, substrate 

specificities and cellular functions of class 5 P4-ATPases (ATP10A, ATP10B, and 

ATP10D) remain unknown. 

In the previous chapter, I revealed that ATP10A and ATP10D are localized to 

the plasma membrane in a CDC50A-dependent manner. Therefore, I tried to measure 

their flippase activities since the established method in our laboratory is able to detect 

the flippase activity at the plasma membrane. In this study, I found ATP10A exhibited 

flippase activity toward NBD-PC. Moreover, enhanced PC-flipping activity due to 

exogenous ATP10A expression caused changes in cell shape and cell size, and inhibited 

cell adhesion and spreading onto the extracellular matrix (ECM). In addition, expression 

of ATP10A increased the rate of β1-integrin endocytosis. 
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RESULTS 

ATP10A Translocates NBD-PC 

In the previous study, our laboratory demonstrated the flippase activities and 

substrate specificities of plasma membrane-localizing P4-ATPases ATP8B1, ATP8B2, 

ATP11A, and ATP11C using NBD-labeled phospholipids (21). ATP11A translocates 

aminophospholipids (PS and PE) (Fig. 2-2B and C), whereas ATP8B1 preferentially 

flips PC (Fig. 2-2A). Here, I investigated the flippase activities of ATP10A and ATP10D, 

which are also localized to the plasma membrane (see Chapter 1, Fig. 1-1). To this end, 

I made use of cells stably expressing ATP10A, ATP10A(E203Q), or ATP10D which 

were established by infection of recombinant retrovirus (Chapter 1). The expression of 

P4-ATPases in these cells were confirmed by immunoblotting (Fig. 2-1) and 

immunofluorescence (see Chapter 1, Fig. 1-5). Stably expressed ATP10A and ATP10D 

were detected at the plasma membrane in the absence of exogenous CDC50A as 

described in Chapter 1 (Fig. 1-3).  

Intriguingly, cells stably expressing ATP10A exhibited a highly selective 

flippase activity toward NBD-PC (Fig. 2-2, A and E) but no activities toward any other 

NBD-phospholipids that I examined (Fig. 2-2, B-D and F-H). Furthermore, the PC 

flipping activity of ATP10A-expressing cells was much higher than that of cells stably 

expressing ATP8B1 (Fig. 2-2A). By contrast, cells stably expressing ATP10A(E203Q), 

an ATPase-deficient mutant, did not exhibit significant flippase activity toward 

NBD-PC (Fig. 2-2A), although the expression level of ATP10A(E203Q) was 

comparable with that of ATP10A (Fig. 2-1). The results indicate that the increase in 

translocation of NBD-PC from the exoplasmic to the cytoplasmic leaflet in 

ATP10A-expressing cells was dependent on the ATPase cycle of ATP10A. I also 

examined the time course of flippase activities in ATP10A-expressing cells (Fig. 2-2, 

E-H). HeLa cells stably expressing ATP10A exhibited a dramatic increase in the amount 

of BSA-non-extractable NBD-PC as compared with parental HeLa cells (Fig. 2-2E). By 

contrast, the time-dependent increase in the amount of NBD-PS, NBD-PE, or NBD-SM 

in ATP10A-expressing cells did not differ significantly from that in parental cells (Fig. 

2-2, F-H).  

I did not detect flippase activity of ATP10D toward any of the 
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NBD-phospholipids I examined (Fig. 2-2, A-D). ATP10D might have flippase activity 

toward other lipids, although I cannot exclude the possibility that the flippase activity of 

ATP10D was undetectable due to its low specific activity and/or low expression level in 

the stable cells (Fig. 2-1). 

To confirm that the PC flipping activity observed in the ATP10A-expressing 

cells was indeed due to ATP10A expression, I treated cells stably expressing ATP10A or 

ATP10A(E203Q) with siRNAs targeting ATP10A and examined their flippase activities.  

Immunoblot analysis revealed that the expression level of ATP10A or ATP10A(E203Q) 

was significantly reduced in knockdown cells (Fig. 2-3A). In parallel with the decrease 

in ATP10A expression levels, the flipping activity toward PC was dramatically 

decreased by treatment of the cells with ATP10A siRNA but not control siRNAs 

(siRNAs for LacZ) (Fig. 2-3B), indicating that the observed PC flipping activity could 

be attributed to ATP10A expression. By contrast, ATP10A depletion did not affect the 

uptake of other NBD-phospholipids (Fig. 2-3, C-E). Notably, depletion of ATP10A in 

control HeLa cells did not decrease basal PC flipping activity (Fig. 2-3B), because 

endogenous ATP10A was not expressed in HeLa cells (Fig. 2-10); I discuss later about 

the endogenous expression of ATP10A in various cell lines. 

 

Co-expression of CDC50A, but not CDC50B, with ATP10A or ATP11A Increases 

the Phospholipid Flipping Activities 

ATP10A, ATP8B1, and ATP11A are localized to the plasma membrane in a 

CDC50A-dependent manner (see Chapter 1) (20). Therefore, I asked whether the 

phospholipid flipping activities of ATP10A, ATP8B1, and ATP11A are dependent on 

CDC50A as well. To this end, I transiently co-expressed ATP10A, ATP8B1, and 

ATP11A with either CDC50A or CDC50B in HeLa cells and subjected the cells to the 

flippase assay. Exogenous expression of ATP10A alone moderately increased flippase 

activity toward NBD-PC relative to vector-transfected control cells (Fig. 2-4A, gray 

bar), suggesting that some fraction of ATP10A might be transported to the plasma 

membrane with the aid of endogenous CDC50A. Co-expression of CDC50A with 

ATP10A further increased the PC flipping activity (Fig. 2-4A, closed bar). By contrast, 

cells co-expressing CDC50B with ATP10A (Fig. 2-4A, open bar) exhibited a PC 

flipping activity comparable to those expressing ATP10A alone (gray bar). 
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Co-expression of ATP11A with CDC50A, but not CDC50B, increased flipping activity 

toward NBD-PS and NBD-PE (Fig. 2-4B and C). Expression of ATP8B1 tended to 

increase PC flipping activity, although the effect was not statistically significant (Fig. 

2-4A, gray bar), and co-expression of ATP8B1 with CDC50A slightly but significantly 

increased the activity (closed bar). The activity of ATP8B1 might be difficult to detect 

in transiently expressing cells, because the PC flipping activity of ATP8B1 was much 

lower than that of ATP10A even in stably expressing cells (Fig. 2-2A). 

 

CDC50A Knockdown Abolishes Flippase Activities of ATP10A, ATP8B1, and 

ATP11A 

In the previous chapter, I showed that CDC50A knockdown induced 

mislocalization of ATP10A, ATP10D, ATP8B1, and ATP11A to the ER (see Chapter 1, 

Fig. 1-3). I next asked whether the flippase activities of cells stably expressing ATP10A, 

ATP8B1, or ATP11A were affected by CDC50A depletion. CDC50A depletion reversed 

the PC flipping activities observed in cells stably expressing ATP10A or ATP8B1 (Fig. 

2-5A) and decreased the PS and PE flipping activities observed in ATP11A-expressing 

cells (Fig. 2-5B and D). These data indicate that these P4-ATPases cannot be 

transported to the plasma membrane in the absence of CDC50A, resulting in abrogation 

the phospholipid flipping activities observed in cells stably expressing these 

P4-ATPases. 

Notably, in vector-infected control HeLa cells, depletion of CDC50A 

markedly decreased PS and PE flipping activities, but barely decreased PC flipping 

activity (Fig. 2-5A, B, and D, open bars in vector). The dramatic decrease in PS flipping 

activities in cells depleted of CDC50A might be ascribed to failed delivery of 

endogenous PS-flipping P4-ATPases to the plasma membrane in the absence of 

CDC50A. These data are compatible with the fact that endogenous PS-flipping activity 

in HeLa cells is much higher than the activities toward other phospholipids (Fig. 2-2, 

E-H) (21). Therefore, the high and constitutive PS flipping activities might be required 

in HeLa cells to prevent the exposure of PS to the outer leaflet and to maintain the 

asymmetry between the two leaflets of the plasma membrane. On the other hand, the PC 

flipping event might occur at a very low rate at steady state, or it might be required 

under specific conditions (such as in response to signals) or in a specific place (such as 
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the bile canaliculi) (21, 22, 42). 

 

Enhanced PC Flipping Activity Alters Cell Shape and Decreases Cell Size 

During the course of my experiments, I noticed that cell shape was 

significantly altered by overexpression of ATP10A but not that of the ATP10A(E203Q) 

mutant (Figs.1-1, 1-2, 1-3, and 2-6). As shown in Fig. 2-6A, the shape of cells 

transiently expressing ATP10A(WT) and CDC50A (Fig. 2-6Ac) was dramatically 

altered relative to that of control cells (Aa). By contrast, cells transiently expressing 

ATP10A(E203Q) and CDC50A (Ad) did not exhibit an observable shape change 

relative to control cells (Aa). To quantitatively show the change in cell shape, I stained 

the cells with a plasma membrane marker, MHC-I, and quantitated cell areas (Fig. 2-6A 

and B). The frequency distribution of cell areas revealed that the population of 

small-sized cells markedly increased upon co-expression of ATP10A and CDC50A (Fig. 

2-6Bc). By contrast, the frequency distribution of cell areas in cells co-expressing 

ATP10A(E203Q) and CDC50A (Fig. 2-6Bd) was not significantly changed relative to 

control (Ba) or CDC50A-expressing cells (Bd). These results indicate that the change in 

cell shape and decrease in cell size could be ascribed to enhanced PC flipping activity 

due to elevated expression of ATP10A at the plasma membrane. 

 

Enhanced PC Flipping Activity Inhibits Cell Adhesion and Spreading 

I next asked whether cell adhesion and spreading were altered by ATP10A 

expression. For this purpose, I examined the efficiency of cell adhesion in cells stably 

expressing ATP10A and ATP10A(E203Q). Cells detached from the dishes by EDTA 

treatment were resuspended in medium supplemented with fetal bovine serum (FBS) 

and seeded onto plastic dishes. After incubation for the indicated times, non-adherent 

cells were removed by washing with PBS, and adherent cells were stained with crystal 

violet. The stain was then extracted from cells and quantitated by measuring the 

absorbance at 570 nm; although the same numbers of cells were seeded, the absorbance 

was normalized to the DNA content of the seeded cells to achieve a more accurate 

assessment. As shown in Fig. 2-7, adhesion of ATP10A-expressing cells was delayed 

relative to the control cells. By contrast, adhesion of ATP10A(E203Q)-expressing cells 

was not delayed but instead was slightly accelerated. After 60 min of incubation, cell 
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adhesion was comparable among cells expressing ATP10A or ATP10A(E203Q) and 

control cells (Fig. 2-7A). Thus, cell adhesion was delayed in cells expressing ATP10A. 

Notably, the extent of cell spreading at the 60-min time point appeared to be lower in 

cells expressing ATP10A(WT) (Fig. 2-7B, middle panel) relative to control and ATP10A 

(E203Q)-expressing cells (Fig. 2-7B, top and bottom panels, respectively). I next asked 

whether cell spreading was affected by expression of ATP10A. To this end, cells stably 

expressing ATP10A(WT) or ATP10A(E203Q) were detached from dishes by EDTA 

treatment, resuspended in serum-free medium, and seeded onto FBS- or 

fibronectin-coated coverslips. As shown in Fig. 2-8A and C, cells stably expressing 

ATP10A(WT) spread more slowly onto the FBS- or fibronectin-coated coverslips than 

control cells and those expressing ATP10A(E203Q) (compare the cells at 60-, 120-, and 

180-min time point). I quantitated the areas of the cells at the 180-min time point (Fig. 

2-8B and D). The frequency distribution of cell areas revealed that the population of 

small-sized cells increased significantly upon stable expression of ATP10A(WT) but not 

ATP10A(E203Q) (Fig. 2-8B and D). Taken together, these observations indicate that the 

suppression of cell adhesion and spreading observed in cells expressing ATP10A can be 

ascribed to enhanced PC flippase activity. 

 

Enhanced PC Flipping Activity Increases the Rate of β1-Integrin Endocytosis 

I next asked whether ATP10A expression altered the dynamic state of 

integrins, which are key components for cell adhesion to the ECM via the connection 

between the cytoskeleton and the ECM, such as fibronectin (43). The function of 

integrins are regulated by the endocytic trafficking; cycles of endocytosis and recycling 

control the availability of integrins on the plasma membrane (44). I hypothesized that 

the inhibition of cell adhesion and spreading by ATP10A expression might be due to the 

alteration of dynamic state of integrins. To this end, HeLa cells expressing ATP10A 

were incubated with anti-β1-integrin antibody at 4ºC for 1 h, washed with PBS to 

remove unbound antibodies, and then incubated at 37ºC for indicated times in the 

absence of the antibody (Fig. 2-9A). Before fixation, cells were washed with acidic 

solution to remove residual antibodies on the plasma membrane. I confirmed that the 

plasma membrane-bound anti-β1-integrin antibody was efficiently removed after 

washing with acidic solution (Fig. 2-9A, (-) and (+) acid wash at 0-min time point). I 
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found that the intracellular signals of β1-integrin increased in cells expressing 

ATP10A(WT) relative to control cells and ATP10A(E203Q) expressing cells at the 15- 

or 30-min time points (Fig. 2-9A). I quantitated the fluorescence intensity of the 

intracellular β1-integrin signals at the 15- or 30-min time point (Fig. 2-9B). The amount 

of internalized β1-integrin were increased in cells expressing ATP10A(WT) but not 

ATP10A(E203Q) at both time points (Fig. 2-9B), suggesting that enhanced PC flipping 

activity promotes the endocytosis of β1-integrin. Therefore, the increased PC flipping 

activity due to exogenous ATP10A expression alters the transbilayer lipid balance at the 

plasma membrane, which may cause a change in cell morphology and in dynamic state 

of β1-integrin, resulting in delayed cell spreading and adhesion.  

 

Endogenous ATP10A Is Expressed in Highly Invasive and Motile Cells 

To investigate the physiological function of ATP10A, I examined mRNA 

expression of class 5 P4-ATPases in various cell lines. RT-PCR analysis showed that 

ATP10D (third panel) and CDC50A (bottom panel; as positive control) were expressed 

in all examined cell lines (Fig. 2-10). On the other hand, ATP10A was expressed in 

limited cell lines, such as MDA-MB-231 and RPE-1 cells (Fig. 2-10A, top panel), 

which are highly motile cells (45, 46). Intriguingly, ATP10A was expressed in a highly 

invasive breast cancer cell line, MDA-MB-231, but not in a noninvasive breast cancer 

cell line, MCF-7 (Fig. 2-10) (45). These results suggest a possibility that ATP10A might 

play a role in cell migration and invasion. ATP10B was expressed in all cell lines but 

weakly expressed in HeLa and MDA-MB-231 cells (Fig.2-10, second panel).  

Finally, I asked whether depletion of endogenous ATP10A causes the decrease 

in basal PC flipping activity in MDA-MB-231 cells. To this end, I knocked down 

endogenous CDC50A or ATP10A by RNAi in MDA-MB-231 cells, and then examined 

the flippase activity. I confirmed the specific and efficient knockdown of CDC50A and 

ATP10A by RT-PCR (Fig. 2-11A). Depletion of CDC50A or ATP10A did not affect 

basal PC flipping activity (Fig. 2-11B), whereas depletion of CDC50A decreased PS 

and PE flipping activity in MDA-MB-231 cells (Fig. 2-11C and E) as well as in HeLa 

cells (Fig. 2-5). These data suggest that ATP10A may remain inactive at steady state in 

MDA-MB-231 cells. Because PC is abundant in the outer leaflet at steady state, tight 

regulation of PC-flippase activity might be required for cellular homeostasis.  
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Fig. 2-1. Establishment of HeLa cells stably expressing HA-tagged P4-ATPases 

HeLa cells stably expressing HA-tagged P4-ATPases, as indicated, were established by 

infection of recombinant retrovirus and subsequent selection in the presence of G418. 

The cells were lysed and subjected to SDS-PAGE and immunoblotting using anti-HA or 

anti-β-tubulin antibody (as an internal control) to determine the total expression level of 

the P4-ATPase proteins. 
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Fig. 2-2. Flippase activities across the lipid bilayer of the plasma membrane in 

HeLa cells stably expressing ATP10A. 

A-D, HeLa cells stably expressing HA-tagged P4-ATPases were incubated with the 

indicated NBD-lipids at 15°C for the indicated times. After extraction with fatty 

acid-free BSA, residual fluorescence intensity associated with the cells was determined 

by flow cytometry. The fold increase in NBD-lipid uptake relative to that in 

vector-infected control cells is shown. The graphs display averages ± S.D. from three 

independent experiments (**, p<0.01, ****, p<0.0001). E-H, Parental HeLa cells (open 

squares) or cells stably expressing ATP10A (closed squares) were incubated with 

indicated NBD-lipids at 15°C for the indicated times. Graphs display averages ± S.D. 

from three independent experiments.   
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Fig. 2-3. Depletion of ATP10A decreases the PC flipping activity in HeLa cells 

stably expressing ATP10A. 

HeLa cells stably expressing HA-tagged ATP10A or ATP10A(E203Q) were treated with 

a pool of siRNA for LacZ or ATP10A for 120 h. A, Cells were lysed and subjected to 

SDS-PAGE and immunoblotting using anti-HA or anti-β-tubulin antibody. B-E, Cells 

were incubated with indicated NBD-lipids as described in the legend for Fig. 2-2. 

Graphs display averages ± S.D. from three independent experiments (****, p<0.0001).
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Fig. 2-4. Co-expression of ATP10A with CDC50A, but not CDC50B, increases 

flippase activities. 

HeLa cells were transiently transfected with an expression vector encoding HA-tagged 

ATP10A, ATP8B1, or ATP11A either alone or together with a vector encoding 

FLAG-CDC50A or FLAG-CDC50B. After 48 h, the cells were incubated with 

NBD-lipids as indicated at 15°C, and residual fluorescence intensity associated with 

cells determined by flow cytometry as described in the legend for Fig. 2-2. The fold 

increase in NBD-lipid uptake relative to vector-transfected control cells is shown. 

Graphs display averages ± S.D. from three independent experiments (*, p<0.05, **, 

p<0.01, ***, p<0.001, ****, p<0.0001). 
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Fig. 2-5. Depletion of CDC50A abolishes the flippase activities of P4-ATPases at the 

plasma membrane. 

Knockdown of CDC50A in HeLa cells stably expressing HA-tagged P4-ATPases are 

performed as described in the legend for Fig. 1-5. The siRNA-treated cells were 

incubated with the indicated NBD-lipids at 15°C, and the residual fluorescence intensity 

associated with the cells was determined by flow cytometry as described in the legend 

for Fig. 2-2. The fold increase in NBD-lipid uptake compared with vector-infected and 

siLacZ-treated control cells is shown. Graphs display averages ± S.D. from three 

independent experiments (**, p<0.01, ***, p<0.001, ****, p<0.0001, n.s., not 

significant). 
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Fig. 2-6. Overexpression of ATP10A causes a change in cell shape and a decrease in 

cell size. 

HeLa cells were transiently transfected with an empty expression vector (a) or an 

expression vector for FLAG-CDC50A (b) either alone or in combination with an 

expression vector for ATP10A-HA (c) or ATP10A(E203Q)-HA (d). A, After 48 h, the 

cells were stained with anti-MHC-I, anti-HA, and anti-FLAG antibodies as described in 

the legend for Fig. 1-6. Bars, 20 μm. HeLa cells (a, cross marks) or cells expressing 

FALG-CDC50A alone (b) or in combination with either ATP10A-HA (c) or 

ATP10A(E203Q)-HA (d) (indicated by asterisks in right panels) were outlined by 

setting a threshold for the fluorescence intensities of MHC-I staining. B, each cell areas 

was measured by the ImageJ software, and the frequency distribution of the cell size is 

shown. 

  



 

43 
 

 

Fig. 2-7. Enhanced PC flipping activity delays cell adhesion. 

Adhesion assay was performed using HeLa cells stably expressing ATP10A-HA or 

ATP10A(E203Q)-HA. Cells were seeded onto a plastic dish and incubated for the 

indicated times. After washing to remove non-adherent cells, adherent cells were stained 

with crystal violet. The stain was processed for measurement of absorbance at 570 nm. 

Graphs display averages ± S.D. from quintuplicates at 570 nm. In B, representative 

images of cells stained with crystal violet are shown.  
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Fig. 2-8. Enhanced PC flipping activity delays cell spreading. 

HeLa cells stably expressing ATP10A-HA or ATP10A(E203Q)-HA were processed for 

the spreading assay. Cells were seeded onto FBS-coated (A and B) or fibronectin-coated 

(C and D) coverslips and incubated for the indicated times. After fixation and 

permeabilization, cells were incubated with Alexa Fluor 488-conjugated phalloidin (A 

and C). Bars, 20 μm. B and D, Cell areas were measured by the MetaMorph software, 

and the frequency of distribution of cell areas at 180 min is shown.  
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Fig. 2-9. Enhanced PC flipping activity promotes endocytosis of β1-integrin. 

HeLa cells stably expressing ATP10A(WT)-HA or ATP10A(E203Q)-HA were 

incubated with anti-β1-integrin antibody at 4°C for 1 h, washed with PBS to remove 

unbound antibodies and incubated at 37°C for the indicated times to allow the 

internalization of β1-integrin. Before fixation, cells were washed with acidic solution to 

remove the residual antibodies on the plasma membrane. Fixed cells were 

permeabilized and stained with Cy3-conjugated anti-rat and Alexa Fluor 488-conjugated 

anti-mouse antibodies (A). Bar, 20 μm. B, Fluorescence intensities of the internalized 

β1-integrin were quantitated using the MetaMorph software. Graphs show averages ± 

S.E. from more than 97 cells. 
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Fig. 2-10. RT-PCR analysis for ATP10 family mRNA in various cell lines. 

RT-PCR was performed using total RNA isolated from the indicated cell lines. In 

control reaction, template RNA was not added. Primers are shown in Table 1.  
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Fig. 2-11. Depletion of CDC50A or ATP10A does not affect basal PC flipping 

activity in MDA-MB-231 cells. 

MDA-MB-231 cells were treated with a pool of siRNA for LacZ, CDC50A, or ATP10A 

for 120 h. A, Cells were lysed to isolate total RNA, which were processed for RT-PCR. 

B, Cells were incubated with the indicated NBD-lipids at 15°C, and the residual 

fluorescence intensity associated with the cells was determined by flow cytometry as 

described in the legend for Fig. 2-2. The fold increase in NBD-lipid uptake compared 

with siLacZ-treated control cells is shown. Graphs display averages ± S.D. from three 

independent experiments (*, p<0.05, **, p<0.01). 
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Fig. 2-12. Sequence alignment of PC- and PS-flipping P4-ATPases. 

The upper and lower panels show PC- and PS-flipping P4-ATPases, respectively. Bold 

blue letters and red letters are putative residues for PC- and PS-specificity, respectively, 

in yeast P4-ATPases (48, 49). Bold light blue letters and bold pink letters represent 

residues conserved among human PC-flippases and PS-flippases, respectively. TM, 

transmembrane; exo, exoplasmic; cyto, cytoplasmic; P-domain, phosphorylation 

domain; N-domain, nucleotide-binding domain 
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DISCUSSION 

In this chapter, I revealed that ATP10A has a PC-specific flippase activity at 

the plasma membrane (Fig. 2-2). Moreover, the enhanced PC flipping activity resulting 

from ATP10A expression leads to changes in cell shape, promotes endocytosis of 

β1-integrin, and delays cell adhesion and spreading.  

 The PC-flippase activity in cells stably expressing ATP10A was abolished by 

depletion of CDC50A, confirming that CDC50A is critical for plasma membrane 

localization of ATP10A (Fig. 2-5). I did not detect any flippase activity of ATP10D 

toward PC, PS, PE, and SM. ATP10D may have flippase activities toward other lipids 

that were not tested in this study or may exhibit activity in response to specific signaling 

events. A genome wide association study from European populations revealed that 

ATP10D variants are associated with accumulation of glucosylceramide in plasma (31), 

implicating a possibility that ATP10D may exhibit flippase activity toward 

sphingolipids.  

In yeast, Dnf1p prefers PC and PE (11, 47), whereas Drs2p prefers PS (13). 

Several key residues have been proposed to determine the phospholipid specificities of 

Drs2p and Dnf1p (48, 49). I aligned and compared the primary sequences between the 

PS- and PC-flipping P4-ATPases in yeast and human (Fig. 2-12) (21, 39). Many of the 

key residues required for the PC flipping activity of Dnf1p (bold blue letters) or those 

for the PS flipping activity of Drs2p (bold red letters) are not conserved in PC-flipping 

(ATP10A, ATP8B1, and ATP8B2) or PS-flipping (ATP8A1, ATP8A2, ATP11A, and 

ATP11C) human P4-ATPases, respectively (Fig. 2-12B). The Ile residue located in the 

cytoplasmic region close to the transmembrane domain 3 (TM3), is conserved among 

yeast and human PC-flippases (Fig. 2-12B, bold light blue letters), raising a question of 

whether these residues are critical for determining substrate specificities. 

The increase in PC flipping activity resulting from ATP10A expression may 

alter the plasma membrane dynamics, resulting in drastic changes in cell shape and 

reduction in cell size (Fig. 2-6). Moreover, cell adhesion and spreading onto the ECM 

were significantly delayed by ATP10A expression (Figs. 2-7 and 2-8). In addition, 

expression of ATP10A promoted the endocytosis of β1-integirn (Fig. 2-9). Whereas, 

expression of ATP10A(E203Q), an ATPase-deficient mutant, did not give rise to any 
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phenotype observed in ATP10A expression, indicating that these phenotypic changes are 

ascribed to the PC flippase activity at the plasma membrane. Since ATP10A is 

expressed in highly invasive and motile cells (Fig. 2-10), it raises the possibility that 

ATP10A may participate in cell migration and invasion through its PC-flippase activity. 

Although the exact molecular mechanism underlying the phenotypic changes induced 

by ATP10A expression remains to be addressed in future studies, I propose two 

hypotheses: 1) Because PC is the most abundant phospholipid in cellular membranes, 

enhanced translocation of PC from the extracellular to the cytoplasmic leaflet increases 

the PC ratio of the cytoplasmic leaflet to the extracellular leaflet, favoring positive 

curvature toward the cytoplasm. The fact that ATP10A expression increased the rate of 

β1-integrin endocytosis suggests that enhanced PC-flipping activity generates positive 

membrane curvature toward the cytoplasm and promotes endocytic vesicle formation. 

Therefore, outward growth of cells, such as cell spreading, might be inhibited, resulting 

in a reduction in cell size. In support of this, all of yeast and some of human 

P4-ATPases are involved in membrane trafficking (38, 39, 41). 2) The enhanced 

translocation of PC to the cytoplasmic leaflet may reduce the local concentration of PS 

or phosphatidylinositol 4,5-bisphosphate (PIP2) in the cytoplasmic leaflet. Because PS 

and PIP2 play critical roles in remodeling of the actin cytoskeleton for cell adhesion, 

spreading, and migration, a decrease in the local concentration of PS or PIP2 might 

inhibit cell adhesion and spreading. Indeed, in budding yeast, a local concentration of 

PS is indispensable for recruitment of Cdc42 to polarized bud tips, and both PS 

concentration and Cdc42 recycling are regulated by the flippase activity of 

Dnf1p/Dnf2p, which flips PE and PC (50, 51). In support of this, recent study in our 

laboratory revealed that sequestration of PS in the cytoplasmic leaflet of the plasma 

membrane by exogenous expression of a PS-specific probe indeed inhibits cell 

spreading and formation of focal adhesion (52).  

Genetic studies demonstrate that Dnf1p/Dnf2p translocate lyso-PE and 

lyso-PC into the inner/cytoplasmic leaflet of the plasma membrane, and they are in turn 

converted to PE and PC, respectively, by an acyltransferase. Therefore, lyso-PE and 

lyso-PC might be sources for the synthesis of PE and PC to support the lipid content 

and membrane biogenesis in yeast (53). Hence, I cannot exclude the possibility that 

ATP10A might be able to translocate lyso-PC. 
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Depletion of CDC50A dramatically decreased an intrinsic PS flipping activity 

but did not significantly decrease a PC flipping activity in HeLa and MDA-MB-231 

cells. In addition, depletion of ATP10A in MDA-MB-231 cells did not affect the 

intrinsic PC-flipping activity as well. Therefore, it is likely that the basal PC flipping 

activity by endogenous P4-ATPases is not as high as the PS flipping activity, which is 

indispensable for preventing unnecessary exposure of PS on the cell surface. On the 

other hand, knock-out of CDC50A in KBM-7 cells dramatically decreases flipping 

activity toward PC as well as PS (27) (data not shown). In addition, the PC flipping 

activity of ATP8B1 is required for proper bile excretion in the liver (21, 23, 54). 

Therefore, the level of intrinsic PC flipping activity might vary in different cell types 

and tissues, raising questions about the regulation of PC flippase activity. In budding 

yeast, the P4-ATPases (preferentially Dnf1p and Dnf2p) require phosphorylation by 

Fpk1 for their functions (55), and Drs2p requires an interaction with 

phosphatidylinositol 4-phosphate for its activity (56). In mammals, PS flipping activity 

of ATP8A2 is regulated by phosphorylation of a serine residue within a CaMKII 

targeting motif in its C-terminal cytoplasmic region (58). Moreover, the ATPase 

activities of ATP11A and ATP11C were inhibited in the presence of high concentration 

of Ca2+ (57). Therefore, it is tempting to speculate that PC-flipping P4-ATPases might 

be regulated by phosphorylation in response to specific cellular signaling events or by 

their interactions with specific regulatory factors.  
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CONCLUSIONS 

 

The summary of the results presented in this study is as follows: 

 

Chapter 1 

1. All class 5 P4-ATPases (ATP10A, ATP10B, and ATP10D) interact with CDC50A 

and require CDC50A for their exit from the ER. 

2. ATP10A and ATP10D are localized to the plasma membrane, whereas ATP10B to 

late endosomes and lysosomes. 

3. All class 5 P4-ATPases contain subcellular localization signals in their N-terminal 

cytoplasmic region. 

 

These results indicate that class 5 P4-ATPases are transported and localized to their final 

destinations by interaction with CDC50A and participation of localization signals in 

their N-terminus. 

 

Chapter 2 

1. ATP10A is a PC-specific flippase at the plasma membrane. 

2. Enhanced PC flipping activity resulting from ATP10A expression alters cell 

morphology, delays cell adhesion and spreading, and promotes endocytosis of 

β1-integrin. 

3. ATP10A is expressed in limited cell lines possessing high invasive and migratory 

abilities. 

 

These results suggest that the enhanced PC flipping activity by ATP10A expression 

alters the transbilayer lipid balance and dynamics of the plasma membrane. 

 

The present study provides new points of view to understand the regulation of the 

transbilayer lipid distribution not only by classical aminophospholipid translocases but 

also by PC flippases, and will contribute to understanding physiological functions of 

class 5 P4-ATPases. 
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MATERIALS AND METHODS 

 

RT-PCR 

Total RNA was isolated from cell lines using the RNeasy Mini Kit (Qiagen) 

or Isogen (Nippon Gene), and was subjected to RT-PCR analysis using the SuperScript 

III One-Step RT-PCR system (Invitrogen). Sequences of primers are shown in Table.1. 

 

Plasmids 

Expression vectors for C-terminally HA-tagged P4-ATPases and N-terminally 

FLAG-tagged CDC50A or CDC50B were constructed as described previously (59). The 

ABCB4 cDNA (a kind gift from Kazumitsu Ueda, Kyoto University) was cloned into 

the pENTR3C vector (Invitrogen). The pCAG expression vector with C-terminal HA 

tag was prepared as described previously (59). Transfer of the ABCB4 cDNA to the 

pCAG-HA expression vectors was performed using the Gateway system (Invitrogen). 

Chimeric ATP10 mutants with N-terminal replacement were constructed using SLiCE 

cloning method (60); ATP10BA, N-terminal 1-93 amino acids (a.a.) from ATP10B fused 

to 87-1499 a.a. of ATP10A; ATP10AB, N-terminal 1-77 a.a. from ATP10A fused to 

85-1462 a.a. of ATP10B; ATP10DB, N-terminal s 1-89 a.a. from ATP10D fused to 

85-1462 a.a. of ATP10B. 

 

Antibodies and Reagents 

The sources of antibodies used in the present study were as follows: 

monoclonal mouse TfnR (H68.4) was from Zymed Laboratories Inc.; monoclonal 

mouse anti-calnexin, anti-EEA1, and anti-Lamp-1 and monoclonal rat anti-β1-integrin 

(Mab13) from BD Biosciences; monoclonal rat anti-HA (3F10) from Roche Applied 

Science; polyclonal rabbit anti-FLAG from Sigma-Aldrich; monoclonal mouse 

anti-DYKDDDK (1E6) from Wako Pure Chemical Industries; mouse anti-β-tubulin 

from Millipore; monoclonal rabbit anti-ATP1A1 from Abcam; Alexa Fluor 

488-conjugated monoclonal mouse anti-CD147 (HIM6) from BioLegend; monoclonal 

mouse anti-MHC-I (W6/32) from ATCC; Alexa Fluor-conjugated secondary antibodies 

from Molecular Probes; and Cy3-conjugated, Dylight649-conjugated, and horseradish 
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peroxidase-conjugated secondary antibodies from Jackson ImmunoResearch 

Laboratories. Alexa Fluor 488-conjugated phalloidin was purchased from Molecular 

Probes, and fibronectin from Sigma. The NBD labeled phospholipids (Avanti Polar 

Lipids) used were NBD-PS (1-oleoyl-2-[6-[(7-nitro-2–

1,3-benzoxadiazol-4-yl)amino]-hexanoyl]-sn-glycero-3-phosphoserine), NBD-PE 

(1-oleoyl-2-[6-[(7-nitro-2–

1,3-benzoxadiazol-4-yl)amino]hexanoyl]-snglycero-3-phosphoethanolamine), NBD-PC 

(1-oleoyl-2-[6-[(7-nitro-2–

1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sn-glycero-3-phosphocholine), and NBD-SM 

(N-[6-[(7-nitro-2–

1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sphingosine-1-phosphocholine). 

 

Cell Culture, siRNA-mediated Knockdown, and Immunofluorescence Analysis 

HeLa cells were maintained in Eagle’s minimum essential medium (Nacalai 

Tesque, Inc.) supplemented with 5 or 10% heat-inactivated FBS (Invitrogen) and 

non-essential amino acids (Nacalai Tesque). MDA-MB-231 cells were maintained in 

Dulbecco’s modified Eagle’s medium containing 4.5 g/l glucose (Nacalai Tesque) 

supplemented with 10% heat-inactivated FBS. Preparation of pools of siRNAs for 

CDC50A and ATP10A and knockdown using these siRNA pools were performed as 

described previously (20, 59). Briefly, a pool of siRNAs directed against nucleotides 

597–1086 of CDC50A mRNA or nucleotides 655–1399 of ATP10A mRNA (the A 

residue of the initiation Met codon was defined as nucleotide 1) was prepared using the 

BLOCK-iT RNAi TOPO transcription kit and BLOCK-iT Dicer RNAi kit (Invitrogen) 

or the Replicator RNAi kit and PowerCut DicerTM (Finnzymes). Cells were transfected 

with the siRNA pool using Lipofectamine 2000 (Invitrogen) and incubated for 24 h. The 

transfected cells were then transferred to a culture dish containing coverslips, incubated 

for an additional 48 h, and processed for immunoblotting, immunofluorescence, and 

RT-PCR analyses. For retroviral production, pMXs-neo-derived vectors for expression 

of HA-tagged P4-ATPases were co-transfected with pEF-gag-pol and 

pCMV-VSVG-Rsv-Rev into HEK293T cells as described previously (20). The pMXs 

vector and the pEF-gag-pol plasmid were kind gifts from Toshio Kitamura (The 

University of Tokyo) and the pCMV-VSVG-Rsv-Rev plasmid was kind gift from 
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Hiroyuki Miyoshi (RIKEN BioResource Center). The resultant retroviruses were 

concentrated and then used to infect HeLa cells to establish stable cell lines. The 

infected cells were selected in medium containing G418 (1 mg/ml). To transiently 

express P4-ATPases, HeLa cells were transfected with a pCAG-HA-based vector 

carrying P4-ATPase cDNA and a pcDNA3-FLAG-based vector carrying CDC50A 

cDNA (20) using X-tremeGENE 9 (Roche Applied Science) or Polyethylenimine Max 

(Polysciences). Two days later, the transfected cells were fixed for immunofluorescence 

or lysed for immunoblotting analysis. Immunofluorescence staining was performed as 

described previously (61, 62) and observed using an Axiovert 200MAT microscope 

(Carl Zeiss, Thornwood, NY). For the plasma membrane staining, cells were incubated 

with Alexa Fluor 488-conjugated anti-CD147 or anti-MHC-I antibody for 10 min at 

room temperature prior to fixation. The fixed cells were permeabilized and processed 

for immunofluorescence analysis. To obtain quantitative data of cellular areas, the 

surface areas of cells were stained with anti-MHC-I antibody, and CDC50A- or 

P4-ATPase-expressing cells were chosen. The areas of the cells were measured with the 

ImageJ software. 

 

Flippase Assay 

Incorporation of NBD-phospholipids was analyzed by flow cytometry as 

described previously (21). Cells were detached from dishes in PBS containing 5 mM 

EDTA and then harvested by centrifugation. The cells (1 × 106 cells/sample) were 

washed and equilibrated at 15°C for 15 min in 500 μl of Hanks’ balanced salt solution 

(pH 7.4) containing 1 g/liter glucose (HBSS-glucose). An equal volume of 2 μM 

NBD-phospholipid in HBSS-glucose was added to the cell suspension and incubated at 

15°C. At each time point, 200 μl of cell suspension was collected and mixed with 200 μl 

of ice-cold HBSS-glucose containing 5% fatty acid-free BSA (Wako Pure Chemical 

Industries) in order to extract NBD-lipids incorporated into the exoplasmic leaflet of the 

plasma membrane, as well as unincorporated ones. Next, 5,000 or 10,000 cells were 

analyzed with a FACSCalibur flow cytometer (BD Biosciences) to measure 

fluorescence of NBD-lipids translocated into the cytoplasmic leaflet of the plasma 

membrane, and the mean fluorescence intensity per cell was calculated. Propidium 

iodide-positive cells (i.e. dead cells) were excluded from the analysis. A one-way 
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ANOVA was performed to assess variance and comparisons made with Tukey’s post 

hoc analysis. 

 

Immunoprecipitation 

HeLa cells were transfected using polyethyleneimine with different 

combinations of expression vectors for P4-ATPase and CDC50, and grown for 2 days. 

The cells were then lysed in lysis buffer (20 mM HEPES (pH 7.4), 150 mM NaCl, 1 

mM EDTA, and 1% Nonidet P-40) containing a protease inhibitor mixture (Nacalai 

Tesque) at 4°C for 30 min. The lysates were centrifuged at maximum speed for 20 min 

at 4°C in a microcentrifuge to remove cellular debris and insoluble materials. The 

supernatant was incubated with an anti-HA antibody at 4°C for 15 min and then 

incubated with protein G-coupled Dynabeads (Invitrogen) at 4°C overnight. After 

washing, the beads were incubated in SDS sample buffer including β-mercaptoethanol 

at 37°C for 2 h, and the supernatant was subjected to SDS-PAGE and immunoblot 

analysis using rat anti-HA, mouse anti-DYKDDDK, or mouse anti-β-tubulin antibody. 

Immunoblots were developed using a Chemi-Lumi One L or Chemi-Lumi One Super 

kit (Nacalai Tesque), recorded on a LAS-3000 bioimaging system (Fujifilm), and 

quantified using Image Gauge software (version 4.0, Fujifilm). For cross-linker 

treatment, 10 mM (dithiobis[succinimidylpropionate]) (DSP, Thermo Scientific) was 

freshly prepared by dissolving in dimethyl sulfoxide. Transfected cells were washed 

twice with PBS++ (including 0.1 mM CaCl2 and 0.1 mM MgCl2) and treated with 1 

mM DSP in PBS++ for 30 min at room temperature. To stop the reaction, 1 M Tris (pH 

7.5) was added at a final concentration of 20 mM and incubated for 15 min at room 

temperature. The cells were washed with PBS(-), lysed, and immunoprecipitated as 

described above. 

 

Cell Adhesion and Spreading Assay 

HeLa cells were detached from dishes in PBS containing 5 mM EDTA and 

harvested by centrifugation. The cells were washed and resuspended in complete growth 

medium, plated onto 24-well plates (1× 105 cells/well), and incubated at 37°C in 5% 

CO2 for the indicated times. The same number of cells was removed, and DNA content 

was measured using a Qubit fluorometer (Life Technologies). After incubation at 37°C, 
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the cells were fixed with 96% of ethanol and stained with 1% crystal violet in 10% 

ethanol at room temperature. After the cells were washed with PBS, the stain was 

extracted using 1% Triton X-100 and processed to measure absorbance at 570 nm. 

Absorbance was normalized to the ratio of DNA content. For the cell spreading assay, 

cells were harvested as described above, washed with serum-free Eagle’s minimum 

essential medium, and seeded onto fibronectin-coated or FBS-coated coverslips. After 

incubation at 37°C in 5% CO2 for the indicated times, cells were fixed with 3% 

paraformaldehyde and subjected to immunofluorescence analysis. Alexa Fluor 

488-conjugated phalloidin was added during incubation with secondary antibody. 

Immunofluorescence staining was performed as described previously (61, 62) and 

observed using an Axiovert 200 MAT microscope (Carl Zeiss). To obtain quantitative 

data on the extent of cell spreading, cells were stained with phalloidin, and randomly 

chosen fields were acquired. Cell areas were measured using MetaMorph software 

(Molecular Devices) 

 

Integrin Internalization assay 

HeLa cells stably expressing ATP10A-HA or ATP10A(E203Q)-HA were 

incubated with anti-β1-integrin antibody (Mab13) at 4°C for 1 h. Cells were washed 

with ice-cold PBS, and incubated in medium without the antibody at 37°C for the 

indicated times. Before fixation, cells were washed with acidic solution (0.5% acetic 

acid and 0.5 M NaCl, pH 3.0) to remove the residual antibodies on the plasma 

membrane. Cells were fixed, processed for immunofluorescence analysis, and observed 

using an Axiovert 200 MAT microscope. The fluorescence intensity of 

intracellularβ1-integrin was quantitated using the MetaMorph software. 
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Table 1. Primer sequences used for RT-PCR. 

Gene  Forward  Reverse  

ATP10A  5'- cacaatgttcgtgggcctcc -3'  5'- cacaatgttcgtgggcctcc -3'  

ATP10B  5'- caggatccagcaactatgagaag -3'  5'- ggacaccatgacagatgggcag -3'  

ATP10D 5'- ccgagccacaccgctgcag -3'  5'- cagtaatcagtcatggatgttcc -3'  

CDC50A 5'- gaaaaagaaaggtattgcttggtg -3'  5'- gtaatgtcagctgtattactactg -3‘  
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