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functions of FIC1 ( 5–8 ). Severe disease is known as Byler 
disease, whereas milder disease may be intermittent with 
limited if any progression to cirrhosis and thus known 
as benign recurrent intrahepatic cholestasis (BRIC). This 
categorization may be an oversimplifi cation with a clinical 
continuum of disease being reported ( 9 ). FIC1 is expressed 
in a wide variety of tissues, which in part explains the extra-
hepatic manifestations of FIC1 disease ( 3 ). A mouse model 
of FIC1 disease is complex in its hepatic presentation and 
does not completely recapitulate the liver disease observed 
in humans, although pulmonary issues and hearing de-
fects have been described in these mice ( 10–12 ). 

 The exact molecular pathophysiology of the liver dis-
ease associated with mutations in  ATP8B1  remains an area 
of on-going investigations and controversy. FIC1 is a mem-
ber of the family of P4-ATPases and has been shown to fa-
cilitate transport of aminophospholipids, presumably by 
fl ipping of aminophospholipids from the outer to inner 
hemi-leafl et of the lipid bilayer ( 13–15 ). One explanation 
for the cholestasis in FIC1 disease is that loss of normal 
phospholipid asymmetry at the canalicular membrane 
leads to diminished membrane resistance to hydrophobic 
bile salts, reduced canalicular cholesterol and ectoen-
zymes, and lessened functional capacity of the canalicular 
bile salt export pump (BSEP, ABCB11) ( 16–19 ). Reduced 
FIC1 expression may lead to apical membrane alterations 
independent of aminophospholipid transport ( 20 ). An al-
ternative explanation for the pathophysiology of FIC1-
related diseases to changes in bile acid-related signal 
transduction pathways. Abrogation of FIC1 activity has 
been reported by several but not all groups to lead to 
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  Byler disease is a form of intrahepatic cholestasis with 
extrahepatic manifestations ( 1, 2 ). Mutations in ATPase 
class I type 8B member 1 (ATP8B1) underlie many of the 
reported cases of Byler disease ( 3, 4 ). Byler disease has 
also been referred to as progressive familial intrahepatic 
cholestasis type 1, and as such, ATP8B1 is known as FIC1 
and the disease as FIC1 disease. The clinical severity of 
liver disease can be correlated with predictions of the effects 
of specifi c mutations and from analyses of the proposed 
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Diego, CA), was used to inhibit PKC � . 5-Fluoro-2-Indoyl-1H-indole-
2-carboxamide (FIPI), purchased from Cayman Chemicals (Ann 
Arbor, MI), was used to inhibit phospholipase D ( 34 ). 

 Antibodies used for Western analyses were obtained from 
Santa Cruz Biotechnology Inc., and were directed against the 
following proteins: PLD2 (sc-25513), PLD1 (sc-25512), FIC1 
(sc-134967), PKC �  (sc-216), phospho-PKC �  (Thr 410) (sc-12894-R), 
Na/K-ATPase  �  (sc-48345), FXR (sc-1204), short heterodimer 
partner (SHP) (sc-15283), organic solute transporter (Ost) �  
(sc-163192), scavenger receptor (SR)-B1 (67098), BSEP (sc-74500), 
and  � -actin (sc-81178). 

 Transient transfection assays 
 The procedures for transient transfection and luciferase analy-

sis of cells were performed as described previously ( 35 ). Confl uent 
cells (5 × 10 6 ) were transfected with 3  � g of human BSEP-
luciferase reporter and 0.3  � g of a control plasmid (pRL-TK; Pro-
mega). Luciferase activities were determined by the dual luciferase 
reporter assay system (Promega) using a Turner 20/20 Luminom-
eter (Turner BioSystems). All transfections were performed in trip-
licate and repeated in three separate sets of experiments. 

 Protein preparation, immunoprecipitation, and Western 
blotting 

 Whole-cell lysates were prepared from cells suspended in 
25 mM Tris-HCI (pH 7.8), 0.5 mM EDTA, and protease inhibitors 
(Roche, Nutley, NJ). Cells were lysed by four cycles of freezing 
and thawing, followed by centrifugation at 16,000  g  at 4°C for 
15 min ( 36 ). Cellular membranes were obtained by centrifugation 
of whole-cell lysate at 3,000  g  for 10 min at 4°C, followed by a second 
spin of the supernatant at 30,000  g  for 20 min ( 37 ). Western blot 
analyses were performed as previously described ( 38 ). Sample load-
ing was examined with anti-actin or anti Na/K-ATPase antibody. 

 Phospholipase D assay 
 Phospholipase D activity was measured using an Amplex Red 

Phospholipase D Assay Kit (A12219) according to the manufac-
turer’s instructions (Life Technologies, Grand Island, NY). 

 Statistical analysis 
 Data was expressed as the means ± SD from at least nine 

experimental measurements. Differences between experimen-
tal groups were evaluated for statistical signifi cance using either 
ANOVA   or Student  t -test, where  P  < 0.05 was considered to 
be statistically signifi cant (InStat software, GraphPad Inc., San 
Diego CA). 

 RESULTS 

 PLD2 gain of function 
 The effect of gain of function of PLD2 was assessed in 

UPS cells. Human BSEP promoter activity was increased in 
UPS cells transfected with either FIC1 or PLD2; there was 
a synergistic activation when both FIC1 and PLD2 were 
overexpressed (  Fig. 1A  ).  Previous investigations have shown 
that FIC1 activates a signal transduction pathway involving 
PKC �  and FXR ( 7, 21, 25 ). The role of PKC �  in mediating the 
signal induced by PLD2 overexpression was assessed by 
either silencing PKC �  (siPKC � ) or inhibiting its activity using 
a myristolated pseudosubstrate inhibitor (PSI) ( Fig. 1B ). 
Human BSEP promoter activity was reduced in response 
to both methods of inhibiting PKC �  activity. In the setting 

diminished signaling via the bile acid sensor, the farnesoid 
X receptor (FXR) ( 17, 21–24 ). As FXR activates BSEP and 
inactivates the ileal bile acid transporter ASBT, FIC1 dis-
ease would be associated with a reduction in canalicular 
bile acid excretion and augmentation of intestinal reab-
sorption of bile acids. This related pathophysiology is sup-
ported in part by cell line-based studies and in limited 
fashion using human tissues ( 7, 21, 22, 25 ). The signal 
transduction pathway infl uenced by FIC1 involves protein 
kinase C  �  (PKC � ), whereby PKC �  phosphorylates and 
activates FXR ( 7, 25 ). The following studies were stimu-
lated by the observation that phospholipase D2 has been 
shown to activate PKC �  ( 26 ). 

 EXPERIMENTAL PROCEDURES 

 Cells and cell culture 
 A mutant Chinese hamster ovary cell line that has defective 

uptake of phosphatidylserine (UPS cells, generous gift from 
Richard Pagano, Mayo Medical Center, Rochester, MN) was used 
for FIC1 gain of function in these studies because it has been 
shown to lack endogenous FIC1 expression ( 7, 13, 27 ). UPS cells 
can be readily transfected with and express FIC1, enabling assess-
ment of the role of PLD2 in FIC1-mediated signaling, as has been 
done for PKC �  ( 7 ). UPS cells were grown and maintained in 
Ham’s F-12 medium supplemented with 5% fetal calf serum. 
HepG2 (HB-8065) cells were obtained from the American Type 
Culture Collection (Rockville, MD) and maintained in Eagle’s 
minimum essential medium (Invitrogen) containing 2 mM 
L-glutamine, 1.5 g/liter sodium bicarbonate, 0.1 mM nonessen-
tial amino acids, 1.0 mM sodium pyruvate, and 10% fetal calf 
serum (Invitrogen). Normal human hepatocytes (obtained through 
the Liver Tissue Cell Distribution System, Pittsburgh, PA; NIH 
Contract #N01-DK-7-0004 / HHSN267200700004C) were cultured 
in Clonetics HMM medium (Lonza, Walkersville, MD), supple-
mented with 5% fetal calf serum. UPS cells were cultured at 33°C, 
while HepG2 cells and primary human hepatocytes were cultured 
at 37°C, both in 5% CO 2 . In studies of the effect of the FXR 
ligand chenodeoxycholic acid (CDCA), media was changed to 
0.5% charcoal-treated fetal calf serum to avoid the effects of FXR 
ligands, e.g., bile acids, in fetal calf serum ( 7 ). 

 Plasmid constructs, silencing vectors, enzyme inhibitors, 
and antibodies 

 Two hundred thirty-one base pairs of the human BSEP promoter 
( � 145 to +86) linked to a luciferase expression vector ( 28 ) (hBSEP) 
was used as a readout of the FXR activity as previously described 
( 7, 25 ). FXREµ is a construct where the  cis -element for FXR is 
mutated, thereby abolishing FXR-mediated responses ( 28 ). 

 Gain-of-function studies utilized a previously described expres-
sion construct for FIC1 ( 13 ) and a generous gift from Dr. Sung 
Ho Ryu for PLD2 ( 26, 29 ). FIC1 mutant expression constructs 
that mimic Byler and BRIC disease were also utilized as previously 
described ( 7, 30 ). 

 Loss of function was achieved using silencing constructs or 
enzyme inhibitors. Specifi c siRNA constructs were used to silence 
FIC1 ( 21 ), PLD2 (sc-44001; Santa Cruz Biotechnology, Santa Cruz, 
CA), PLD1 (sc-44000; Santa Cruz Biotechnology), PKC �  ( 7 ), and 
FXR ( 31 ). A scrambled anti-sense construct, siScr, was utilized as a 
control ( 21 ). PKC �  pseudosubstrate inhibitor (PSI) (myristoylated, 
100 µM) ( 32, 33 ), purchased from EMD Biosciences Inc. (San 
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of PKC �  inhibition, PLD2 no longer activated the BSEP 
promoter. Similar studies were performed examining the 
effect of blocking the function of FXR ( Fig. 1C ). Silencing 
FXR resulted in a marked reduction of BSEP promoter 
activity. An equivalent effect was observed when a domi-
nant negative FXR was overexpressed. When FXR func-
tion was blocked, overexpression of PLD2 did not lead 
to a statistically signifi cant increase in BSEP promoter activ-
ity. The role of FXR was further assessed using a modifi ed 
human BSEP promoter construct, in which the FXR bind-
ing site in the promoter was mutated by site-directed muta-
genesis ( 28 ) ( Fig. 1D ). As seen before, the wild-type BSEP 
promoter was activated by the FXR ligand chenodeoxy-
cholic acid (CDCA) and by overexpression of PLD2. In 
these investigations, basal activation of the BSEP promoter 
was minimized by removing fetal calf serum and associated 
bile acids from the culture media ( 7 ). Synergistic activation 
of the BSEP promoter was observed when cells were trans-
fected with PLD2 and treated with CDCA. A similar effect 
has been previously observed for PKC �  ( 25 ). The basal activ-
ity of the FXRE mutant BSEP promoter construct, FXREµ, 
was reduced and was not activated by CDCA and/or PLD2. 

 PLD2 loss of function 
 Loss of PLD2 function was assessed by either silencing 

PLD2 or chemically inhibiting its activity in UPS cells. 
PLD1 was silenced as a control for the effect of generalized 
loss of phospholipase D activity. The specifi city of the PLD 
silencing constructs used in these investigations was as-
sessed by Western blotting of total cellular homogenates of 
UPS cells (  Fig. 2  ).  The PLD1 and PLD2 found endoge-
nously in UPS cells can be effectively silenced with com-
mercially available constructs, whereas a scrambled anti-sense 
construct had no effect. The dose-dependence of the effect 
of the PLD inhibitor FIPI on BSEP promoter activity was 
assessed to identify the appropriate concentration for 
analysis of FIC1 signaling (supplementary Fig. I). Dose-
dependent reduction in BSEP promoter activity was ob-
served with FIPI concentrations between 1 and 20 nM. 
Greater than 50% reduction of activity was observed after 
1 nM FIPI treatment, and this concentration was used for 
subsequent investigation of FIC1-mediated signaling. 

  Fig.   1.  Effect of phospholipase D2 gain of function on human 
BSEP promoter activity. UPS cells were transfected with expression 
constructs for PLD2 and/or FIC1. The human BSEP promoter was 
used as a readout of FXR activity. Activity in untreated UPS cells was 
set at 100% and all results were normalized to renilla luciferase 
from a pRL-TK construct as a control for transfection effi ciency. 
The scale of the  y  axis is logarithmic. Error bars represent the SD 
for nine measurements. A: Effect of PLD2 and FIC1. Human BSEP 
promoter activity was signifi cantly increased by overexpression of 
PLD2 and/or FIC1 with synergistic activation by both PLD2 and 
FIC1. All comparisons were signifi cant at  P  < 0.001. B: Effect of 
PKC �  inhibition on PLD2-mediated signaling. UPS cells were trans-
fected with no PLD2 construct (control) or a wild-type PLD2 ex-
pression construct. PKC �  was inhibited by either siRNA silencing 
(siPKC � ) or by treatment with 100 µM myristolated pseudosub-
strate inhibitor (PSI). PLD2 activated the BSEP promoter in the 
untreated UPS cells but not in the cells where PKC �  was either si-
lenced or inhibited. C: Effect of FXR inhibition on PLD2-mediated 
signaling. UPS cells were transfected with no PLD2 construct (con-
trol) or a wild-type PLD2 expression construct. FXR was inhibited 

by either siRNA silencing (siFXR) or overexpression of a dominant 
negative FXR (dn FXR). Basal activity of the BSEP promoter was 
markedly reduced and not signifi cantly increased when FXR was 
inhibited. D: Effect of an FXR response element mutant BSEP pro-
moter on PLD2 mediated signaling. UPS cells were transfected 
with a wild-type human BSEP promoter reporter construct or one 
in which the FXR binding  cis -element was mutated (FXREµ). Me-
dia for these studies included 0.5% charcoal fetal calf serum to 
minimize the effect of bile acids in fetal calf serum. Cells were un-
treated (control), treated with 50 µM CDCA and/or transfected 
with wild-type PLD2. Treatment with CDCA and/or PLD2 signifi -
cantly increased the wild-type human BSEP promoter activity, but 
not the FXR response element mutant. Synergistic activation of 
wild-type human BSEP promoter was seen when CDCA and PLD2 
were combined. All comparisons of the wild-type BSEP promoter 
were signifi cant at a  P  < 0.001. There were no signifi cant differ-
ences for any of the mutant promoter responses.   
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crude membranes from the transfected UPS cells. Overex-
pression of wild-type FIC1 in UPS cells led to a 9-fold in-
crease in PLD activity in crude membrane preparations, 
whereas BRIC FIC1 expression yielded only a 2-fold increase 
in PLD activity. Overexpression of the Byler FIC1 protein 
had no effect of membrane PLD activity (control UPS cells 
10.4 ± 0.7, wild-type FIC1-transfected 95.8 ± 14.0, BRIC 
FIC1-transfected 20.2 ± 1.9, Byler FIC1-transfected 11.3 ± 
1.1 mU PLD activity/ml/20 µg membrane protein, n = 9 for 
each assay,  P  < 0.001 for control versus wild-type, wild-type 
versus Byler, and wild-type versus BRIC,  Fig. 6B ). 

 DISCUSSION 

 These studies suggest the signal transduction pathway 
activated by FIC1 involves the following cascade: PLD2, 
PKC � , and FXR.   This represents a novel and distinct role 
for PLD2. PLD catalyzes the hydrolysis of glycerophospho-
lipids, yielding phosphatidic acid and a head group. A wide 
spectrum of potential biological functions has been linked 
to PLD activity, including regulation of vesicle traffi cking, 

Silencing or inhibiting PLD2 in UPS cells was associated 
with a reduction in BSEP promoter activity (  Fig. 3A  ).  No 
effect was observed when PLD1 was silenced or when cells 
were treated with a scrambled silencing construct ( Fig. 3A ). 
FIC1 overexpression in UPS cells lead to marked activation 
of the BSEP promoter in UPS cells that were untreated 
(9.2 ± 0.2-fold activation) and those transfected with siPLD1 
(9.2 ± 0.2) or a scrambled antisense vector (9.2 ± 0.1) 
( Fig. 3A, B ). In contrast, silencing PLD2 (5.0 ± 0.3) or treat-
ment with 1 nM FIPI (5.6 ± 0.3) was associated with a reduc-
tion in the activation of BSEP by FIC1 ( Fig. 3A, B ). 

 The effect of loss of PLD2 function was also assessed in 
HepG2 cells and primarily derived human hepatocytes, 
permitting assessment of the effects of alteration in PLD2 
expression on native human BSEP protein expression. As 
seen in UPS cells, silencing PLD2 and/or FIC1 in HepG2 
cells led to a signifi cant reduction in BSEP promoter activ-
ity (  Fig. 4  ).  In HepG2 cells, silencing PLD2 was associated 
with a signifi cant reduction in PKC �  and a reduction in 
the expression of a variety of proteins whose expression is 
activated by FXR, including FXR ( 21 ), SHP ( 39, 40 ), OST �  
( 31 ), SR-B1 ( 41 ), and BSEP protein ( 28 )(  Fig. 5A , B ).  Simi-
lar fi ndings were observed when PLD2 was silenced in pri-
marily derived human hepatocytes ( Fig. 5C ). 

 FIC1 gain of function 
 The effect of FIC1 expression on PLD2 activity was as-

sessed in UPS cells, which do not express endogenous 
FIC1. Western blotting was performed on crude mem-
branes from UPS cells transfected with wild-type FIC1 or 
mutant constructs associated with severe disease (Byler 
disease) or intermittent disease (BRIC). As we have previ-
ously observed ( 42 ), FIC1 protein expression was observed 
in crude membranes prepared from UPS cells treated with 
either the wild-type or BRIC FIC1 expression constructs 
(  Fig. 6A  ).  The level of membrane expression in the BRIC-
transfected cells was less than that of the wild-type FIC1-
transfected cells. PLD2 membrane protein expression was 
slightly increased in the cells transfected with wild-type 
FIC1, whereas expression was similar in the cells express-
ing the other FIC1 proteins. This fi nding is distinct from 
previously observed similar levels of overall increases in 
FIC1 protein expression observed in total cellular homo-
genates treated with wild-type, BRIC, or Byler FIC1 constructs 
( 7 ). The level of PKC �  and phosphorylated PKC �  (Threo-
nine 410) correlated with the level of expression of FIC1 in 
the crude membranes. PLD activity was assessed in the 

  Fig.   2.  Silencing of PLD1 and PLD2. UPS cells were treated with 
siPLD1, siPLD2, or a scrambled anti-sense control (siScr). Western 
blotting was performed with cellular homogenates.   

  Fig.   3.  Effect of PLD inhibition on FIC1-mediated activation of the 
human BSEP promoter. UPS cells were untransfected (control) or 
transfected (FIC1) with a wild-type FIC1 construct. Cells were treated 
with siPLD1, siPLD2, a scrambled anti-sense control (siScr), or 1 nM 
FIPI. A: Human BSEP promoter activity. The human BSEP promoter 
was used as a readout of FXR activity. Activity in untreated UPS cells 
was set at 100% and all results were normalized to renilla luciferase 
from a pRL-TK construct as a control for transfection effi ciency. The 
scale of the  y  axis is logarithmic. Error bars represent the SD for nine 
measurements. Basal BSEP promoter activity was signifi cantly lower 
in the UPS cells treated with siPLD2 or FIPI but not siPLD1 or siScr. 
In each of the treatment groups, FIC1 overexpression led to a statisti-
cally signifi cant increase in BSEP promoter activity. B: FIC1 medi-
ated activation of human BSEP promoter activity. The degree of 
activation (i.e., FIC1 treated/untreated promoter activity) is signifi -
cantly lower in the siPLD2- and FIPI-treated cells compared with the 
rest of the experimental groups that are equivalent.   
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that FIC1 does not necessarily regulate PLD2 expres-
sion but likely modulates its functional activity. FIC1 may 
modulate the activity of BSEP by modulating cholesterol in 
the lipid bilayer ( 18 ). Overexpression of a nonfunctional 
FIC1 (Byler) protein had no effect on PLD2 function, 
whereas a partially functional FIC1 (BRIC) protein had an 
intermediate effect. The same pattern of responses has 
been observed for the downstream effects mediated by FXR 

development, cytoskeletal structure, morphogenesis, 
growth, and proliferation ( 43–46 ). Phosphatidic acid is a 
well-described signaling molecule, so it is not surprising 
that PLD activity could modulate a diverse set of signaling 
pathways ( 47 ). PLD also affects other signaling molecules via 
direct interactions that may not be dependent upon the 
catalytic function of PLD ( 26 ). PLD2 was fi rst identifi ed by 
homology screening using a PLD1 cDNA probe ( 48 ). Al-
though PLD1 and PLD2 have similar enzymatic functions, 
PLD2 has distinct characteristics that are relevant for this 
signaling pathway. PLD1 is predominantly peri-nuclear, 
whereas PLD2 is primarily found at the plasma mem-
brane. PLD2 is expressed in a wide variety of tissues, in-
cluding the ileum, pancreas, lung, and liver, which are all 
potentially relevant for FIC1-mediated signaling effects 
( 29, 49, 50 ). 

 PLD2 is regulated by a diverse set of molecules and pro-
teins, including but not limited to fatty acids, phospho-
inositides, growth factors, GTP binding proteins, and PKC 
( 43, 46, 51 ). FIC1 is an integral plasma membrane protein 
that infl uences the lipid bilayer, presumably by altering 
the asymmetric distribution of aminophospholipids. It is 
not exactly certain how FIC1 activity would infl uence 
PLD2, although given the plethora of effects of changes in 
lipid bilayer composition and the multitude of ways in 
which PLD2 can be regulated, a regulatory interaction is 
quite plausible. PLD2 is endogenously expressed in UPS 
cells; thus, FIC1 may modulate its activity and/or mem-
brane localization. In these studies, PLD2 function was 
assessed by measuring overall PLD activity in crude mem-
brane fractions. This approach was used as a means of 
assessing specifi c effects on PLD2 function, as we are not 
aware of an available enzyme assay for PLD2 independent 
of PLD1. Overexpression of FIC1 led to a marked enhance-
ment in PLD2 activity, which was greater than the slight 
increase in its membrane expression. This fi nding suggests 

  Fig.   4.  Effect of FIC1 and PLD2 loss of function on human BSEP 
promoter activity in HepG2 cells. HepG2 cells were transfected with 
the human BSEP promoter as a readout of FXR activity. Activity in 
untreated HepG2 cells was set at 100% and all results were normal-
ized to renilla luciferase from a pRL-TK construct as a control for 
transfection effi ciency. Cells were then untreated (control) or treated 
with siPLD2, siFIC1, siPLD2 + siFIC1, or a scrambled siRNA control. 
The scale of the  y  axis is linear. Error bars represent the SD for nine 
measurements. Silencing either PLD2 or FIC1 resulted in a statisti-
cally signifi cant reduction in BSEP promoter activity.   

  Fig.   5.  Effect of PLD2 silencing on hepatocyte protein expression. 
A: Western blot analysis of PLD2 silencing in HepG2 cells. Three sepa-
rate sets of experiments are shown. Cells were untreated (none) or 
treated with siPLD2 or a scrambled control (siScr). Total cellular 
homogenates were probed for PLD2, PKC � , FXR, SHP, BSEP, Ost � , 
SR-B1, and actin (loading control). Densitometric quantifi cation of 
band intensity is shown below each band. B: Depiction of statistical 
analysis of Western blotting of HepG2 cells. Protein levels are 
expressed as a percentage of the untreated cells. Bars represent the 
mean for each protein; error bars are SD. With the exception of actin, 
all of the proteins were reduced by a signifi cant amount compared 
with either untreated cells or siScr-treated cells. C: Western blot analy-
sis of PLD2 silencing in freshly isolated human hepatocytes.   
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and PLD2, one would speculate that this is the result of a 
physical interaction between membrane-associated PLD2 
and PKC � . The effects of FIPI indicate that it is not simple 
interaction but also relies on PLD function. Phosphatidic 
acid treatment leads to phosphorylation and activation of 
PKC �  ( 52 ). The biological relevance of these results has 
been confi rmed in HepG2 cells and freshly isolated human 
hepatocytes in which the canalicular bile salt transporter 
BSEP is expressed. Silencing PLD2 leads to a reduction in 
BSEP protein expression. Other FXR-responsive genes, 
including SHP, Ostß, and SR-B1, are also regulated by the 
level of expression of PLD2. 

 In summary, these studies have demonstrated a new 
signaling pathway that specifi cally involves PLD2. FIC1 
alters PLD2 function, leading to PKC � -mediated activation of 
FXR with subsequent effects on downstream bile acid homeo-
static molecules such as BSEP. These observations are novel 
and will require further investigation to determine the exact 
molecular mechanisms involved in the interaction between 
FIC1 and PLD2 and between PLD2 and PKC � .  
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