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Improved Liver Function and Relieved Pruritus after 4-Phenylbutyrate
Therapy in a Patient with Progressive Familial Intrahepatic
Cholestasis Type 2
Sotaro Naoi, MS'*, Hisamitsu Hayashi, PhD'*, Takeshi Inoue, MD?, Ken Tanikawa, MD®, Kaoji Igarashi, PhD?,

Hironori Nagasaka, MD, PhD®, Masayoshi Kage, MD, PhD?, Hajime Takikawa, MD, PhD®, Yuichi Sugiyama, PhD’,
Ayano Inui, MD, PhD®, Toshiro Nagai, MD, PhD?, and Hiroyuki Kusuhara, PhD'

To examine the effects of 4-phenylbutyrate (4PB) therapy in a patient with progressive familial intrahepatic chole-
stasis type 2. A homozygous ¢.3692G>A (p.R1231Q) mutation was identified in ABCB71. In vitro studies showed
that this mutation decreased the cell-surface expression of bile salt export pump (BSEP), but not its transport ac-
tivity, and that 4PB treatment partially restored the decreased expression of BSEP. Therapy with 4PB had no bene-
ficial effect for 1 month at 200 mg/kg/day and the next month at 350 mg/kg/day but partially restored BSEP
expression at the canalicular membrane and significantly improved liver tests and pruritus at a dosage of
500 mg/kg/day. We conclude that 4PB therapy would have a therapeutic effect in patients with progressive familial
intrahepatic cholestasis type 2 who retain transport activity of BSEP per se. (J Pediatr 2014;164:1219-27).

rogressive familial intrahepatic cholestasis type 2
(PFIC2), an inherited autosomal-recessive liver dis-
ease caused by mutations in ABCBII encoding the
bile salt export pump (BSEP), is characterized by cholestasis
and jaundice in the first year of life.' This disease progresses
to severe cholestasis with sustained intractable itching, jaun-
dice, diarrhea, and failure to thrive, leading to liver failure
and death before adulthood. No medical therapy has been es-
tablished for PFIC2."” BSEP is an adenosine triphosphate
(ATP)-binding cassette transmembrane transporter located
on the canalicular membrane of hepatocytes that mediates
the biliary excretion of monovalent bile salts.”® Therefore,
in patients with PFIC2, biliary bile salt secretion is impaired,

[PH-TC [’H}-Taurocholate

4PB 4-Phenylbutyrate

ALT Alanine aminotransaminase

AST Aspartate aminotransaminase

ATP Adenosine triphosphate

BSEP Bile salt export pump

cDNA Complementary DNA

D-Bil Direct bilirubin

EV Empty vector

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GGT Gamma-glutamyl transferase

GPCR G protein-coupled receptor

HA Hemagglutinin

mRNA Messenger RNA

OTCD Ornithine transcarbamylase deficiency
PCR Polymerase chain reaction

PFIC2 Progressive familial intrahepatic cholestasis type 2
P-gp P-glycoprotein

qPCR Quantitative polymerase chain reaction
T-Bil Total bilirubin

TR Transferrin receptor

UDCA Ursodeoxycholic acid

WT Wild type

bile salts accumulate in hepatocytes, and consequently the
hepatocytes are damaged.

We have published experimental evidence that
4-phenylbutyrate (4PB), a drug used to treat ornithine trans-
carbamylase deficiency (OTCD), has an additional pharma-
cologic effect to increase the hepatocanalicular expression
of BSEP and the biliary excretion capacity of bile salts when
given at a clinically relevant concentration in patients with
OTCD.”? Greater BSEP expression levels in liver specimens
from patients with OTCD after 4PB therapy compared
with before 4PB therapy suggest that 4PB treatment increases
BSEP expression in humans.'” These results indicate the pos-
sibility that 4PB may be a potential therapeutic compound
for patients with PFIC2 who show a reduced BSEP expression
at the canalicular membrane but who have retained transport
activity of BSEP per se. To test this hypothesis, we investi-
gated the effects of 4PB therapy in a patient with PFIC2 car-
rying a homozygous ¢.3692G>A (p.R1231Q) mutation in
ABCBI11.
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Methods

We obtained approval for the study from the institutional
ethics review boards. Informed consent was provided by
the patient’s parents before assessment because the patient
was younger than 18 years of age. A detailed description of
the materials and methods is presented in the Appendix
(available at www.jpeds.com), All materials and methods
used standard techniques and commercially available
reagents.

The patient, a girl who is now 1 year of age, was born to
parents of Pakistani descent. She developed hepatocellular
cholestasis and jaundice with normal serum gamma-
glutamyl transferase (GGT) activity at the age of 2 months
and was diagnosed with PFIC2 by the presence of the
€3692G>A  (p.R1231Q) mutation in both alleles of
ABCBI1 and no detectable immunosignal for BSEP at the
canalicular membrane of a liver section sample (Figure 1,
A and B). Despite treatment with ursodeoxycholic acid
(UDCA; 120 mg/day), she continued to have severe
cholestasis with sustained intractable itch, jaundice,
diarrhea, and failure to thrive. 4PB therapy was started at
the age of 4 months. The administration of UDCA was
maintained during and after the course of 4PB treatment.

Sequence Analysis of ATP8B1 and ABCB11
Genomic DNA was isolated from peripheral blood leukocytes
using a Wizard Genomic DNA Purification Kit (Promega,
Madison, Wisconsin), and all exons of ATP8BI and ABCBI1
and flanking intron—exon boundaries were amplified by poly-
merase chain reaction (PCR). Primer sequences and PCR con-
ditions were designed according to previous reports.'"'* Both
strands were analyzed using BigDye Direct Cycle Sequencing
Kit (Applied Biosystems, Foster City, California).

In Vitro Studies

pShuttle (Clontech, Palo Alto, California) containing comple-
mentary DNA (¢cDNA) of human BSEP with a hemagglutinin
(HA) tag at the N-terminus (HA-BSEP™ vpe (W) apq
that of HA-BSEP"" with the c¢.3692G>A (p.R1231Q) or
p.T1210P mutation (HA-BSEP*'**'? and HA-BSEP''?!F)
were used for this study.® The ¢.3692G>A (p.R1231Q) and
p.T1210P mutations were introduced into pShuttle containing
HA-BSEP™T cDNA by site-directed mutagenesis as described
previously.” HEK293T cells and McA-RH7777 cells transfected
with pShuttle containing HA-BSEP"', HA-BSEP®'#*'Q, or
HA-BSEPT'?'%" cDNA, or empty vector (EV) (HA-BSEP™T,
HA-BSEP™ ', HA-BSEP™*!%, or EV HEK293T cells and
HA-BSEPYT, HA-BSEP"'*'?, HA-BSEP™'*'%, or EV McA-
RH7777 cells) were subjected to analysis of quantitative PCR
(qPCR), cell surface biotinylation, immunofluorescence, and
transport. All in vitro experiments were performed as described
previously,”” and a detailed description of the experiments is
presented in the Appendix. The cells were treated with 1 mM
4PB for 24 hours before the in vitro experiments, which were
designed to examine the effects of 4PB on HA-BSEP" ', HA-
BSEP®'**'Q, and HA-BSEPT'21".
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Treatment of the Patient with PFIC2 with 4PB

Oral administration of 4PB (AMMONAPS; Swedish Orphan
Inter AB, Stockholm, Sweden) was started at a daily dosage of
200 mg/kg/day divided into 4 doses a day. After 1 month, the
dosage was increased to 350 mg/kg/day, which was main-
tained for an additional month. Because neither a therapeutic
effect nor any side effects were observed, the dosage was
increased up to 500 mg/kg/day, which is a clinically relevant
dosage for OTCD, and this dosage was maintained for the
next 4 months.

A liver biopsy sample was collected before and after the
course of 4PB treatment. A part of the sample was preserved
in RNAlater (QIAGEN, Hilden, Germany) for RNA prepara-
tion and stored at —20°C. Another portion was fixed in 4%
formaldehyde at room temperature for histological analysis,
and the remaining portion was snap-frozen in liquid nitrogen
for preparation of membrane fractions and stored at —70°C
in a deep freezer. Serum was collected before, during, and af-
ter the course of 4PB treatment. Liver tests were performed
using standard methods immediately after collection, and
the remaining specimens were preserved at —70°C for further
analysis.

The severity of pruritus was scored according to a previous
report”: 0, none; 1, mild scratching when undistracted; 2,
active scratching without abrasion; 3, abrasions; or 4, cuta-
neous mutilation, with bleeding and scarring. Serum concen-
trations of total bile acids, histamine, and tryptase were
measured by an enzyme cycling method (Wako Pure Chem-
icals, Osaka, Japan), a competitive enzyme immunoassay
(Bertin Pharma, Montigny le Bretonneux, France), and a flu-
oroenzyme immunoassay (USCN Life Science Inc, Hubei,
People’s Republic of China), according to the manufacturer’s
instruction. The concentration and activity of autotaxin in
serum were assessed using a specific two-site enzyme immu-
noassay and the measurement of choline liberation from the
substrate lysophosphatidylcholine."!

Histologic Analysis of Human Liver Specimens
Liver biopsies were fixed in 10% formalin and embedded in
paraffin. Then, 4-um thick sections from the liver specimens
were prepared by a Microm HM340E (Microm International
GmbH, Walldorf, Germany), adhered to the glass coverslips,
and subjected to hematoxylin and eosin staining and immu-
nohistochemistry followed by microscopic analysis with an
Olympus CX41 (Olympus, Tokyo, Japan) to evaluate the de-
gree of cholestasis, giant cell transformation, inflammation in
the liver tissues, and BSEP expression at the canalicular
membrane.

Statistical Analyses

The data in the Figures are presented as the mean =+ SE. The
significance of differences between 2 variables and multiple
variables was calculated at the 95% confidence level by Stu-
dent ¢ test and by one-way analysis of variance with Tukey
test, respectively, using Prism software (GraphPad Software,
Inc, La Jolla, California).

Naoi et al

— 200 —



May 2014 CLINICAL AND LABORATORY OBSERVATIONS

A. E.
L &
CTATTGCTCAGGCCATIGTA :
HEK293T pR 3 ET rerge
cells
B.
BSEP ATP8B1 MDR3
MCcA-RH7777
PFIC2 cells
Control
C EV WT R1231Q
) Protein
amount (pug) 90 3 90 (kDa)
= 1.00 ,
2 ors ;| e,
g
2g 18
< E 0.50
E 0.2; o
Signal intensity
EV WT R1231Q of HA/TIR (AU) 0 1 0.04
Lysate Cell surface
D. G.
:'E: 150
HA - %
{Short 5 5
P ! S
58 :
B HA e
(Long 3E
Exposure) -~y
(=31
< g
Na* K*-ATPase s

al subunit

EV WT R1231Q

Figure 1. A, B, Diagnosis of PFIC2 in a patient who developed intrahepatic cholestasis with normal GGT activity. A, Genetic
sequencing analysis. The homozygous ¢.3692G>A (p.R1231Q) mutation in ABCB11 identified is shown by the arrowhead.
B, immunohistochemistry. Liver sections prepared from the liver biopsy specimens of the patient with PFIC2 and of control sub-
jects were subjected to immunohistochemistry as described in the Methods. A typical image under each condition is shown.
Original magnification, x400. C, D, Determination of mRNA and protein expression levels of BSEP?'2319, EV, HA-BSEPY', or
HA-BSEPR'231Q HEK293T cells were subjected to C, gPCR and D, cell surface biotinylation and then analyzed as described
in the Methads. E, Cellular localization of BSEPR1231Q HEK293T cells (fop) and McA-RH7777 cells (bottom) expressing HA-B-
SEPWT (WT:; left) or HA-BSEPR'2%1Q (R1231Q, right) were analyzed by confocal immunofluorescence microscopy as described in
the Methods. Arrows in the merged images indicate colocalization. Scale bar: 10 um. F, G, BSEP?'2%1% mediated uptake of [°H]-
TC. Membrane vesicles (F, 3 or 90 ug in and G, 10 ug in prepared from EV, HA-BSEP"", and HA-BSEPR'23'@ HEK293T cells were
subjected to F, immunoblotting and G, an uptake assay. In C-G, a representative result of 2-3 independent experiments is
shown. Bars represent the mean + SE of each experiment in triplicate. ‘P < .05, "'P < .001, AU, arbitrary units; /B, immunoblot-
ting; ND, not detected because of low expression levels.

Results that is expressed on the canalicular membrane of hepatocytes

and that translocates phosphatidylserine from the outer
Progressive familial intrahepatic cholestasis type 1 is caused ~ leaflet to the inner leaflet. Patients with progressive familial
by mutations in ATPSBI encoding a membrane protein  intrahepatic cholestasis type 1 present with similar clinical
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symptoms and biologic variables as patients with PFIC2.
Therefore, all encoding exons and flanking areas of both
ATP8BI and ABCBI1I were sequenced, and a homozygous
€.3692G>A (p.R1231Q) mutation in ABCB11 was identified,
which has been reported previously in European white pa-
tients with PFIC2 (Figure 1, A)." This result, combined
with the immunosignal of ATP8B1, but not of BSEP at the
canalicular membrane of liver sections (Figure 1, B), was
the basis of the diagnosis of PFIC2.

To characterize the effect of the ¢.3692G>A (p.R1231Q)
mutation on BSEP, HA-BSEP™' and HA-BSEP"'*'Q
were expressed ectopically in HEK293T cells and McA-
RH7777 cells, a rat hepatoma cell line that develops canalic-
ular membranes through the formation of couplets as
hepatocytes. qPCR analysis showed that the BSEP messenger
RNA (mRNA) expression level was similar between HA-
BSEPYT and HA-BSEP®'#!1Q in HEK293T cells (Figure 1,
C). In contrast, a cell-surface biotinylation study showed
much lower cell surface expression of HA-BSEP®'?*'Q than
HA-BSEPYT in HEK293T cells (Figure 1, D). Immuno-
fluorescence analysis showed no colocalization of
HA-BSEPR?*1Q with the plasma membrane marker, Na®,
K*-ATPase «l subunit, in HEK293T cells or with the
canalicular membrane marker, MRP2, in McA-RH7777
cells, which was consistent with the results of immuno-
histochemistry (Figure 1, B and E). HA-BSEP®'*'Q was
localized predominantly in the endoplasmic reticulum
(Figure 1, E), suggesting that this mutation induces
incomplete folding of BSEP molecules retained in
the endoplasmic reticulum followed by proteasomal
degradation, as has been reported for CFTRAF508,"°
resulting in a decrease in HA-BSEP®'?'? expression at the
cell surface. The ATP-dependent uptake of [*H]-
taurocholate ([*’H]-TC), into membrane vesicles isolated
from HA-BSEP™" and HA-BSEP®'*'® HEK293T cells was
almost linear up to 5 minutes (data not shown). Its uptake
value per minute was about 97- and 4.8-fold greater in
vesicles from HA-BSEP"" and HA-BSEP"'**'?® HEK293T
cells, respectively, than in vesicles from EV-HEK293T cells
(Figure 1, G). Normalizing the BSEP expression levels in
the membrane vesicles based on the results of the
immunoblotting, in which the expression of HA-BSEP™®
was 25-fold greater than that of HA-BSEPR#*'Q
(Figure 1, F), showed that the transport activity of [*’H]-TC
mediated per unit mass of HA-BSEP®'#*'? molecules did
not differ significantly from that mediated by HA-BSEP™™.

Effect of 4PB Treatment on the Cell-Surface
Expression and Transport Capacity of
HA-BSEPR1231Q

gqPCR analysis and the cell-surface biotinylation study
demonstrated that 4PB treatment for 24 hours at 1 mM, a
clinically relevant concentration in patients with OTCD,”'®
increased the cell surface expression of HA-BSEP™' and
HA-BSEPM'#'Q by 22- and 2.0-fold, respectively, in
HEK?293T cells without significantly changing the expression
level of each mRNA (Figure 2, A and B). The expression level
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of HA-BSEP™" and HA-BSEP*'*'? and of their mRNAs was
evaluated after normalization by that of the transferrin
receptor (TfR) and of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) mRNA, respectively, which were not
affected by 4PB treatment (data not shown). Consistent
with the cell surface biotinylation study, immuno-
fluorescence analysis showed that HA-BSEP®'*'Q co-
localized partially with the canalicular membrane marker,
MRP2, in McA-RH7777 cells in the 4PB-treated condition
(Figure 2, C). Treatment with 4PB also increased the
expression of HA-BSEP™" and HA-BSEP*'**'Q by 1.7 and
2.2 times, respectively, in membrane vesicles prepared from
HEK293T cells expressing each form of BSEP (Figure 2, D).
This was accompanied by an increase in the ATP-dependent
uptake of [*H]-TC. The HA-BSEP“'- and HA-
BSEPR#1Q_mediated uptake of [*H]-TC, which was
calculated by subtracting the ATP-dependent uptake of
[’H]-TC into membrane vesicles of EV HEK293T cells from
that of HA-BSEPY" and HA-BSEP"'*'® HEK293T cells,
was increased by 1.6- and 2.0-fold, respectively (Figure 2,
E). These results suggest that 4PB treatment at a clinically
relevant dosage for humans could increase BSEP expression
at the canalicular membrane in patients with PFIC2 with
the ¢.3692G>A (p.R1231Q) mutation in ABCBII and,
consequently, expand the capacity to secrete bile salt into bile.

Treatment with 4PB increased the cell surface expression
of HA-BSEP®'?'Q in HEK293T cells cultured at 30°C to
the same extent as in HEK293T cells cultured at 37°C
(Figure 2, F). Considering that a low culture temperature
around 30°C is capable of correcting the trafficking to the
plasma membrane of the mutated misfolded protein, "'
this finding indicates that the process that modulates the
trafficking of BSEP to the plasma membrane is unlikely to
contribute to the mechanism underlying the increase in the
cell surface expression of HA-BSEPR'?'? with 4PB
treatment.

Therapeutic Effect of 4PB in the Patient with PFIC2
with the ¢.3692G>A (p.R1231Q) Mutation in ABCB11
Serum liver tests and the itching score did not improve dur-
ing the period of 4PB treatment at the dosages of 200 and
350 mg/kg/day. However, the serum leve] of aspartate amino-
transaminase (AST) and alanine aminotransaminase (ALT)
started to decrease when the dosage was increased to
500 mg/kg/day. Their values finally reached the range of
70-85 U/L, which is close to the reference range (AST, <55
U/L; ALT, <40 U/L; Figure 3, A). Consistent with the
decrease in AST and ALT levels, the concentrations of total
bilirubin (T-Bil) and direct bilirubin (D-Bil) decreased
after the start of 4PB treatment at 500 mg/kg/day. One
month after this dosage was started, both measurements
were normalized to within the reference range (T-Bil,
<18 uM; D-Bil, <5 uM; Figure 3, B). In contrast, the
concentration of serum bile acids remained above the
reference range (<10 uM) during the period of 4PB
treatment, probably as the result of the coadministration of
UDCA. The itching score was reduced concomitantly with
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Figure 2. A, B, Effects of 4PB treatment on mRNA and protein expression levels of BSEP®'231Q HA-BSEPWT (WT) and HA-
BSEPR12%81Q (R1231Q) HEK293T cells were treated with or without 1 mM 4PB for 24 hour and subjected to A, gPCR and B,
cell surface biotinylation and analyzed as described in Methods. C, Effect of 4PB on cellular localization of BSEPR'231Q, McA-
RH7777 cells expressing HA-BSEPWT (WT, left) or HA-BSEPR1231Q (R1231Q, right) were treated with or without 1 mM 4PB for
24 hours and then subjected to confocal immunofluorescence microscopy as described in Figure 1, E. Arrows in the merged
images indicate co-localization. Scale bar: 10 um. D, E, Effect of 4PB on transport of [°H]-TC by BSEPR'231@ Membrane
vesicles (E, 3 or 90 ug in and D, 10 ug in prepared from HA-BSEPYT and HA-BSEPR'231Q HEK293T cells after treatment with
or without 1 mM 4PB were subjected to immunoblotting D, and an E, uptake assay as described in Effect of 4PB on
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triplicate. ‘P <.05, P < .001.

the improved results of liver tests (Figure 3, C-E). Almost
complete and persistent relief of pruritus helped improve
the child’s ability to sleep and thus increased her quality of
life. However, the itching score did not correlate
significantly with the serum levels of autotaxin, bile acids,
or autotaxin activity (Figure 3, C-E), all of which have
been proposed as potential pruritogens in cholestasis.'” No
decrease in other possible pruritogens, the serum levels of
histamine and tryptase, was observed as well (data not
shown).

A liver biopsy was performed 4 months after the onset of
4PB therapy at the dosage of 500 mg/kg/day and studied
with the specimens isolated for the diagnosis of PFIC2 before
the enrollment in this intervention study. Histologic analysis
showed that in the specimens obtained after 4PB therapy, gi-
ant cell transformation in the hepatic lobuli and the portal
and lobular inflammation were relieved, compared with

Improved Liver Function and Relieved Pruritus after 4-Phenylbutyrate Therapy in a Patient with Progressive Familial

Intrahepatic Cholestasis Type 2

those before the therapy, and cholestasis almost disappeared
(Figure 4, A). gPCR and immunoblot analysis demonstrated
that in the patients with PFIC2, the liver BSEP mRNA
expression before 4PB therapy in the patient with PFIC2
was almost the same as that in age-matched and adult
control subjects, whereas the protein expression in the
membrane fraction was approximately 2.5% of that in age-
matched control subjects. 4PB therapy partly restored the
reduced BSEP expression without increase in the mRNA
expression, although the expression level of BSEP was still
12%-13% of that in age-matched control subjects
(Figure 4, B and C). The specimens of the age-matched
and adult control subjects were obtained from the pediatric
patients without cholestasis when they underwent liver
transplantation and the healthy organ donors. The
expression level of BSEP mRNA and BSEP was evaluated
after normalization by that of P-glycoprotein (P-gp)
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Figure 3. A, B, Levels of A, serum AST, ALT, GGT and B, T-Bil, D-Bil, and bile acid were monitored during and after the period of
4PB therapy. C-E, Correlation diagram of itching scores for the patient with PFIC2 with C, autotaxin activity and D, serum con-
centrations of autotaxin and E, bile acid in the patient during and after 4PB therapy. Pruritus severity was scored ranging from
0 (no pruritus) to 4 (cutaneous mutilation, with bleeding and scarring). ATX, autotoxin; BA, bile acid.

mRNA and of TfR, respectively, which were not affected by
the treatment with 4PB.”'™'¢

The liver tests and itching score remained unchanged
1.5 months after the end of 4PB therapy but gradually re-
turned to values almost equal to those before her enroll-
ment in this intervention study (Figure 3). During and
up to 1.5 months after the end of 4PB therapy, the
patient’s height and weight continued to increase. No
severe side effects were observed during or after 4PB

therapy.
Discussion

PFIC2 is an autosomal-recessive, inherited liver disease re-
sulting from mutations in ABCBII. Currently, partial
external biliary diversion and liver transplantation are the

1224

most commonly used therapeutic procedures. Herein, we
provide clinical evidence that 4PB therapy at a dosage of
500 mg/kg/day, a clinically relevant dosage used in patients
with OTCD, biochemically and histologically improved liver
functions and persistently relieved pruritus in a patient with
PFIC2 who had decreased BSEP expression at the canalicular
membrane but retained transport activity of BSEP per se.
These findings suggest that 4PB therapy could help improve
the quality of life of patients with this type of mutation in
ABCBII and their parents. This beneficial effect of 4PB is
supported further by our experimental evidence of the effect
of 4PB on expression and transport activity of BSEP
(Figure 5; available at www.jpeds.com). Gonzales et al’
demonstrated that 4PB therapy improved liver tests in a
patient with PFIC2 with a homozygous p.T1210P mutation
in BSEP (BSEPTmOP),20 which markedly reduced BSEP
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Figure 4. A, Histologic characteristics of liver sections. Liver sections prepared from the liver biopsy specimens of the patient
with PFIC2 before and after the 4PB therapy were subjected to hematoxylin and eosin staining as described in the Methods. A
typical image under each condition is shown. Arrows and asterisks indicate cholestasis and giant hepatocytes, respectively.
Original magnification, x200. B, C, mRNA and protein expression levels of BSEP. Liver biopsy specimens from the patient
with PFIC2 before and after the 4PB therapy and from the control subjects were subjected to B, gPCR and C, immunoblotting
and analyzed as described in the Methods. In B, the data were obtained from triplicate determination. Each bar represents the
mean + SE of individual specimens. 4PB(—), before 4 PB treatment; 4PB(+), after 4PB treatment.

expression at the canalicular membrane but did not abolish
its transport activity (Figure 5).

The observed increase in BSEP expression after 4PB ther-
apy in patients with PFIC2 with BSEP?'?*1Q or BSEPT1210F230
suggests that the 4PB treatment restored biliary excretion of
bile salts, relieved bile salt accumulation in hepatocytes, and

thereby improved liver tests in these patients. The BSEP
expression in the membrane fractions from liver specimens
from the patient with PFIC2 with BSEP®'**!Qand in the cana-
licular membrane of liver sections from the patient with
PFIC2 with BSEP™"?'% was still lower than that found in spec-
imens of age-matched control patients even after treatment

Improved Liver Function and Relieved Pruritus after 4-Phenylbutyrate Therapy in a Patient with Progressive Familial 1225
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with 4PB. It is conceivable that partial restoration of BSEP
expression at the canalicular membrane is sufficient to fulfill
the physiologic role of BSEP, leading to improvement in liver
functions in the patients with PFIC2 with BSEP*'**'Q or
BSEP™"?!°? This finding is consistent with experimental evi-
dence showing that liver pathology in mice with mdr2 defi-
ciency, which completely diminishes the biliary excretion of
phosphatidylcholine, is markedly corrected by the relatively
little expression of MDR3, a human orthologue of mdr2.”’
Alternatively, 4PB may have other as-yet-identified roles in
combating intrahepatic cholestasis in addition to the increase
in BSEP expression at the canalicular membrane.

We have provided experimental evidence suggesting that
treatment with 4PB retards degradation of the canalicular
membrane-resident forms of BSEPYT, BSEP®*7S, and
BSEP™*®2S | the mutation found most frequently in patients
with PFIC2, by interrupting the internalization process,
which increases their expression at the canalicular mem-
brane.”™'" In this study, although we could not measure
the degradation rate of cell surface-resident HA-BSEP®'#*1Q
because of its low expression levels, treatment with 4PB had
no significant effect on the level of mRNA expression of
BSEP®'?*'Q and BSEP™'%" and was less likely to affect the
trafficking to the plasma membrane of BSEP®'*'Q
(Figure 2, A, F; Figure 4, B; and Figure 5, A, E). Given
that modulation of mRNA expression and trafficking to the
plasma membrane is a mechanism that increases cell
surface expression of both types of mutated BSEP, these
results strongly suggest that degradation of BSEPR'**'Q
and BSEP™'?'%" trafficked to the canalicular membrane was
inhibited with 4PB treatment, as is the case for BSEP™',
BSEPE?7S, and BSEPP**2C, resulting in an increase in BSEP
expression at the canalicular membrane in patients with
PFIC2 with the respective mutations. Analysis using an
in vitro minigene system has suggested that c.3692G>A
(p.R1231Q) in ABCBI1I causes aberrant ABCBI1 splicing.zz
However, because BSEP was detected around 160 kDa,
which is identical to the value in the control patients
(Figure 4, C) and to the reported molecular weight,” it is
likely that the correct splicing occurred to some degree in
our patient despite having ¢.3692G>A (p.R1231Q) in
ABCBI1 and its resultant protein product on the
canalicular membrane was prevented from degradation by
4PB therapy. At present, we do not know the reason for the
presence of some WT splicing in our patient, but this
might be explained by the balance in the expression levels
of splicing factors; for example, because the aberrant splice
product associated with some missense mutation in
ABCBI1 is abolished completely by transduction of SC35,
but not of the other splicing factors assessed.*

In our patient with PFIC2, the pruritus disappeared
concomitantly with the improvement in liver tests after
the onset of 4PB therapy at 500 mg/kg/day. However, we
observed no decrease in the factors suspected to be impli-
cated in causing the itch (Figure 3, C-E). 4PB and/or its
metabolites may modulate the local concentrations of
these pruritogens, which may not have been detected by
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systemic measurements. The physiologic function of
autotaxin, an enzyme secreted extracellularly that
generates lysophosphatidic acid, is thought to be mediated
predominantly by activation of G protein-coupled
receptors (GPCRs).”’ TGR5, a GPCR activated by bile
salts, on sensory nerves could contribute to bile salt-
induced itching™; if so, 4PB and/or its metabolites
might antagonize the GPCRs responsible for itch signaling
and therefore attenuate activation of sensory neurons.
Alternatively, 4PB therapy may affect unidentified
pruritogens or antipruritogens.

In conclusion, our study demonstrated that 4PB therapy
provides a favorable outcome—improvement in liver func-
tion and relief of refractory itching—in a patient with
PFIC2 with decreased BSEP expression at the canalicular
membrane but with retained BSEP transport activity. This
therapeutic effect of 4PB and its safety should be validated
by future clinical studies with more patients and for longer
periods than was possible in this study. =
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4PB for the in vitro studies was purchased from Sigma-
Aldrich (St Louis, Missouri). AMMONAPS, a pharmaceutical
grade of 4PB for the treatment of a PFIC2 patient, was pur-
chased from Swedish Orphan Inter AB. [’H]-TC (2 Ci/mmol)
was obtained from American Radiolabeled Chemicals (St Louis,
Missouri). Anti-HA antibody was obtained from Roche Diag-
nostics (Mannheim, Germany). Antibodies against BSEP for
immunoblotting, Na*, K*-ATPase a1 subunit, and calnexin
were purchased from Abcam (Cambridge, United Kingdom).
Antibodies against TfR and Alexa Fluor secondary antibodies
were obtained from Invitrogen (Carlsbad, California). Anti-
BSEP, ATP8B1, and MDR3 antibodies for immunohistochem-
istry were purchased from Santa Cruz Biotech (Dallas, Texas),
Sigma-Aldrich, and Enzo Life Sciences (Plymouth Meeting,
Pennsylvania), respectively. All other chemicals were of analyt-
ical grade.

Cell Culture. HEK293 T cells and McA-RH7777 cells were
purchased from the American Type Culture Collection
(ATCC number: CRL-11268 [HEK293 T] and CRL-1601
[McA-RH7777], Manassas, Virginia). HEK293 T cells and
McA-RH7777 cells were cultured in Dulbecco’s modified Ea-
gle’s medium (Invitrogen) supplemented with 10% fetal
bovine serum at 37°C in 5% CO, and 95% humidity.

Measurement of BSEP mRNA Level. HEK293 T cells
were seeded in 24-well plates at a density of 2.5 x 10° cells
per well; transfected with pShuttle containing HA-BSEPYT,
HA-BSEPR®'#1Q or HA-BSEP"'?'%" ¢DNA or EV using Fu-
GENE HD (Promega); and treated with or without 1 mM
4PB for 24 hours. Total RNA was isolated using Isogen II
(NIPPON GENE, Tokyo, Japan) according to the manufac-
turer’s instructions. Total RNA from the liver specimens of
humans was isolated using an RNeasy Mini Kit (QIAGEN).

Reverse transcription was performed using ReverTra Ace
qPCRRT Master Mix with gDNA Remover (TOYOBO, Osaka,
Japan) according to the manufacturer’s instructions. BSEP, P-
gp, and GAPDH mRNA levels were measured by qPCR using a
LightCycler instrument and the appropriate software (Ver.
3.53; Roche Diagnostics) as described previously.' gPCR was
performed using the following primers: 5'-TGCCCAGTGC
ATCATGTTTA-3' and 5'-CCCTGGAAGTTGTCCCATTT-3
(BSEP), 5-GGCCAACATACATGCCTTCATCGAG-3' and
5-TGTCCAGGGCTTCTTGGACAACC-3' (P-gp), and 5'-
GGGGAGCCAAAAGGGTCATCATCT-3' and 5'-GACGCC
TGCTTCACCACCTTCTTG-3' (GAPDH). BSEP gene expres-
sion in each reaction was normalized by the expression of
GAPDH in HEK293T cells or P-gp in human liver specimens
as appropriate.

Cell Surface Biotinylation. HEK293T cells were seeded
at a density of 5.0 x 10° cells per well in 6-well plates coated
with poly-L-lysine and poly-L-ornithine; transfected with
pShuttle containing HA-BSEPY", HA-BSEP®'**', or HA-
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BSEP™'*'" ¢DNA or EV using FuGENE HD; and treated
with or without 1 mM 4PB for 24 hours. Forty-eight hours
after the transfection, cell surface biotinylation was per-
formed to investigate the expression on the plasma mem-
brane as described previously.” The isolated biotinylated
proteins were subjected to immunoblotting.

Preparation of and Transport Assays with Membrane
Vesicles. HEK293T cells were seeded in a 15-cm dish at a
density of 6.0 x 10° cells; transfected with pShuttle con-
taining BSEPYY, BSEPM' !9, or BSEPT'?%" ¢DNA or EV
using FuGENE HD; and treated with or without 1 mM
4PB for 24 hours. The membrane vesicles were prepared
48 hours after transfection as described previously.” The
isolated membrane vesicles were subjected to immunoblot-
ting and transport assays. Transport assays were performed
using the rapid filtration method reported previously.’
Membrane vesicles were incubated at 37°C with [’H]-TC
(I mM) for 5 min in the presence of 5 mmol/L ATP or
AMP. ATP-dependent uptake of ligand was obtained by
subtracting the value in the absence of ATP from that in
its presence. To calculate BSEP-mediated uptake of [’H]-
TC, the value of its ATP-dependent uptake by the mem-
brane vesicles of EV HEK293T cells was subtracted from
that of HA-BSEP™", HA-BSEP®'*'?, or HA-BSEP™''%
HEK293T cells.

Preparation of Crude Membrane Fractions from Hu-
man Liver. Human liver specimens were homogenized in
hypotonic buffer (1 mM EDTA, 5 mM sodium phosphate,
pH 7.0) supplemented with protease inhibitor cocktail using
QIAshredder (QIAGEN), and then centrifuged at 800 X g for
10 minutes at 4°C. The supernatant was ultracentrifuged at
100000 x g for 1 hour at 4°C, and the pellet was dissolved
in lysis buffer comprising hypotonic buffer with 1%
Triton-X.

Immunoblotting. Specimens were loaded into each well
of a 6% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis plate with a 3.75% stacking gel and subjected to
immunoblotting as described previously.” Immunoreactivity
was detected with an ECL Advance Western Blotting Detec-
tion Kit (Amersham Biosciences, Piscataway, New Jersey).
The intensity of the band was quantified using Multi Gauge
software (ver. 2.0; Fuji Film). Expression of BSEP and each
form of HA-BSEP was normalized by the expression of TfR
or Na*, K"-ATPase al subunit as appropriate.

Immunocytochemistry. HEK293T «cells and McA-
RH7777 cells were transfected with pShuttle containing
HA-BSEP™T, HA-BSEP®'*'?, or HA-BSEP™'?'%"; seeded
on glass coverslips (Matsunami Glass Ind Ltd, Osaka, Japan)
in 12-well plates at a density of 2.5 x 10° cells per well; and
treated with or without 1 mM 4PB for 24 hours. The cells
were fixed in 4% paraformaldehyde/phosphate-buffered sa-
line (PBS) for 10 minutes, permeabilized in 0.1% saponin/
PBS for 10 minutes, blocked with 3% bovine serum
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albumin/PBS for 30 minutes, and stained with anti-HA and
anticalnexin (endoplasmic reticulum marker) or anti-Na™,
K*"-ATPase al-subunit (HEK293T cells)/anti-MRP2 (McA-
RH7777 cells; plasma membrane marker) for 2 hours. The
cells were then stained with Alexa Fluor 488 donkey anti-rat
immunoglobulin G and Alexa Fluor 546 donkey anti-rabbit
immunoglobulin G or Alexa Fluor 546 donkey antimouse
immunoglobulin G for 1 hour. These staining procedures
were performed at room temperature. The cells were
mounted onto glass slides with VECTASHIELD mounting
medium (Vector Laboratories Inc, Burlingame, California)
and then visualized by confocal microscopy using a Leica
TCS SP5 11 laser scanning confocal microscope (Leica, Solms,
Germany).

Immunohistochemistry. Four-micrometer-thick sections
embedded in paraffin were adhered to coated glass slides and
stained with VENTANA BenchMark ULTRA fully auto-

Improved Liver Function and Relieved Pruritus after 4-Phenylbutyrate Therapy in a Patient with Progressive Familial

Intrahepatic Cholestasis Type 2

mated staining instrument (Ventata Medical Systems, Inc,
Tucson, Arizona) with anti-BSEP antibody and Leica
BOND-III (Leica), the fully automated immunohistochem-
istry and in situ hybridization staining system, with antibody
against MDR3 or ATP8B1 according to the manufacturer’s
instructions.
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Figure 5. A, B, Effects of 4PB treatment on mRNA and protein expression of BSEPT2'%P HA-BSEPT'21%P HEK293T cells were
treated with or without 1 mM 4PB for 24 hours and subjected to A, gPCR and B, cell-surface biotinylation and then analyzed as
described in Figure 2, A and B. C, D, Effect of 4PB on transport of [*H]-TC by BSEP' '2'", Membrane vesicles (C, 90 ug inand D,
10 ug in were prepared from HA-BSEPT 219" HEK293T cells after treatment with or without 1 mM 4PB and were subjected to C,

immunoblotting and D, the uptake assay as described in Figure 2, D and E. E, Effect of 4PB on BSE

PT1210P

expression at a low

temperature. Top, HA-BSEPT'21%F HEK293T cells were cultured for 24 hours at 37°C or 30°C, with or without 1 mM 4PB,
biotinylated, and analyzed as described in Figure 2, F. In A-E, a representative result from 2 independent experiments is
shown. Bars represent the mean -+ SE of each experiment performed in triplicate. P < .05.
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