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Biliary atresia (BA) is a devastating cholestatic liver disorder in neonates
characterized by inflammatory and fibrotic obliteration of the extrahepatic bile ducts. The
obstruction of bile flow presents as a triad of jaundice, acholic stool, and
hepatosplenomegaly. If left untreated, the most of BA patients will develop severe
hepatic fibrosis, biliary cirrhosis, portal hypertension, hepatic failure, and ultimately die
by the age of 2 years. Surgical treatment, which remains the standard of care for first
line intervention for infants with BA, is the Kasai portoenterostomy. The etiology,
pathogenesis, and factors modifying the disease progression remain largely mysterious.
However, more recently, it has been generally recognized that BA is perhaps not a
single disease entity. Instead, it is proposed that several distinct pathologic mechanisms
can lead to a BA phenotype characterized by provoking a stereotypic response
comprised of inflammation, autoimmune-mediated bile duct damage, bile duct
proliferation, apoptosis, and progressive portal fibrogenesis. Lack of reliable noninvasive
diagnostic biomarkers of BA may leads to delayed diagnosis and worse patient
outcome. Hence, the identification of noninvasive biomarkers to assess liver fibrosis is
desirable. The purpose of this study was to investigate autotaxin (ATX), relative
telomere length (RLT), global DNA methylation and oxidative stress whether these
biomarkers could be related to liver stiffness and outcome parameters of liver fibrosis in
BA. One hundred and thirty postoperative BA patients and age-matched healthy
controls were enrolled. We found that BA patients had higher circulating ATX and liver
stiffness than controls. Our findings showed that elevated circulating ATX was
associated with status of jaundice, hepatic dysfunction, and liver stiffness in
postoperative BA. In addition, the current study provides evidences for up-regulation of
ATX mRNA expression in liver specimens of BA patients compared to those in controls.
The up-regulation of ATX expression in BA liver samples was performed with
immunohischemical detection of ATX within the liver bile duct epithelia and the
hepatocytes. ATX mRNA expression was also significantly elevated and correlated with
a decrease in ATX promoter methylation in BA patients compared to the controls.
Moreover, this study supports the association between RTL in peripheral blood

leukocytes and higher risk of liver fibrosis in BA. RLT in blood leukocytes was also



associated with disease severity, showing that BA patients with advanced-stage
exhibited excessive telomere shortening. Additionally, this study reported that,
independent of risk factors, hypomethylation of retrotransposable DNA elements (Alu
and LINE-1) was associated with shorter telomeres, elevated oxidative DNA damage,
and a higher risk of liver fibrosis in BA. Based on the aforementioned findings,
combinations of circulating ATX levels, hepatic ATX expression, relative telomere length,
global DNA methylation, and oxidative DNA damage could serve as possible
noninvasive biomarkers reflecting the disease severity and the development of liver
fibrosis in the post Kasai BA patients. Autotaxin could play a crucial role in the

pathogenesis of liver fibrosis in chronic liver disease including biliary atresia.

Keywords : Biliary atresia, Autotaxin, Liver fibrosis, Global methylation, Telomere
length
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Executive summary

This study showed that decreased methylation of specific CpGs were observed
at the ATX promoter in BA patients. Subsequent analysis revealed that BA patients with
advanced stage had lower methylation levels of ATX promoter than those with early
stage. ATX promoter methylation levels were found to be associated with hepatic
dysfunction in BA. In addition, ATX expression was significantly elevated and correlated
with a decrease in ATX promoter methylation in BA patients compared to the controls.
Moreover, promoter hypomethylation and overexpression of ATX were inversely
associated with jaundice status, hepatic dysfunction, and liver stiffness in BA patients.
These findings suggest that the promoter hypomethylation and overexpression of ATX
might play a contributory role in the pathogenesis of liver fibrosis in BA. BA patients had
significantly shorter telomeres than healthy controls. The RTL in BA patients with
jaundice was significantly lower than that of patients without jaundice. Alu and LINE-1
hypomethylation, and telomere shortening were found to be associated with elevated
risk of BA. Furthermore, LINE-1 methylation was associated with liver stiffness in BA
patients. Stratified analysis revealed negative correlations between Alu and LINE-1
methylation and 8-OHdG in BA patients. In contrast, positive relationships were
identified between Alu and LINE-1 methylation and relative telomere length in BA
patients. These findings suggest that retrotransposon hypomethylation is associated with

plasma 8-OHdG and telomere length in BA.



Role of autotaxin for the pathogenesis of liver fibrosis in biliary atresia

Biliary atresia (BA) is a devastating cholestatic liver disorder. Autotaxin (ATX)
has a profibrotic effect resulting from lysophosphatidic acid activity. The purpose of this
study was to investugate ATX expression and ATX promoter methylation in peripheral
blood leukocytes and liver tissues from BA patients and controls and examine their
associations with outcome parameters in BA patients. A total of 130 subjects were
registered. DNA was extracted from peripheral blood leukocytes and liver tissues of BA
patients and from and age-matched healthy controls. ATX promoter methylation status
was determined by bisulfite pyrosequencing. ATX expression was analyzed using
quantitative real-time polymerase chain reaction and enzyme-linked immunosorbent
assay. Decreased methylation of specific CpGs were observed at the ATX promoter in

BA patients (Figure 1).
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Figure 1. Distribution of the ATX promoter methylation, relative mRNA expression, and
protein levels in liver tissue of BA patients and controls. (A) Decreased methylation
levels of the ATX promoter in BA liver tissue samples. (B) Higher mRNA expression
of ATX in BA cases and representative gel of ATX and GAPDH products from real-time
PCR analysis. (C) Elevated ATX levels in liver tissue of BA patients. M, molecular

weight marker, and NC, negative control. *P<0.05 vs control group.
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Subsequent analysis revealed that BA patients with advanced stage had lower
methylation levels of ATX promoter than those with early stage. ATX promoter
methylation levels were found to be associated with hepatic dysfunction in BA. In
addition, ATX expression was significantly elevated and correlated with a decrease in
ATX promoter methylation in BA patients compared to the controls. Moreover, promoter
hypomethylation and overexpression of ATX were inversely associated with jaundice

status, hepatic dysfunction, and liver stiffness in BA patients (Table 1 and 2).

Table 1. Spearman's correlation and multivariate linear regression analysis

of ATX relative expression estimates.

Variables Relative mRNA expression (ATX/ GAPDH)
Spearman’s rho correlation Linear *
Coefficient(r) P-value B coefficient (95% CI) P-value
Age (years) 0.07 | 0.61 | 0.013(-0.03210 0.058) 0.57
Liver stiffness (kPa) 043 | 0.001* | 0.012(0.004t00.021) 0.006*%
TB (mg/dl) 049 <0.0001* 0.15(-0.025 to 0.094) 0.25
AST (IU/T) 0.36 0.005* 0.04 (0.002 to 0.007) 0.002*
ALT (1u/my 0.35 0.006* 0.02 (-0.001 to 0.005) 0.13
ALP (U1 047 =0.0001* 0.001 (0.000t0 0.002) 0.006*%
Albumin (g/dl) -0.19 ' 0.20 |-0.033 (-0.33 to 0.26) 0.83
ATX methylation levels (%)
Overall -047 =0.0001* -0.053 (-0.072t0-0.035) =0.0001*
CpG1 -0.48 <0.0001* -0.032 (-0.044t0 -0.020) <0.0001 *
CpG2 -0.52 | =0.0001* | -0.050 (-0.067 to -0.033) =0.0001*
CpG3 -0.32 | 0.011* | -0.049 (-0.069t0-0.028) <0.0001*
CpG4 027 0.030* -0.043 (-0.066t0-0.019) 0.001*

*Correlation is considered statistically significant at P-value less than 0.05 (two-tailed).
“The coefficient is adjusted for age and gender.
Abbreviations: TB = total bilirubin; AST = aspartate aminotransferase; ALT = alanine aminotransferase; ALP = Alkaline phosphatase

Table 2. Spearman's correlation and multivariate linear regression analysis of serum

ATX level estimates.

Variables Serum ATX levels (ng/ml)
Spearman’s rho correlation Linear regression®
Coefficient () Pvalue B coefficient (95% CI) P-value
Age (years) ' -0.04 0.77 -6.43 (-36.85 t0 23.99) 0.67
Liver stiffness (kPa) [ 0.71 <0.0001* 15.77 (11.13 to 20.42) <0.0001%
TB (mg/dl) 0.63 =0.0001* 83.18 (49.06 to 117.30) <0.0001%
AST (U 0.77 =0.0001* 5.15(3.90t06.39) <0.0001%
ALT (1W/1) | 0.53 =0.0001* 3.15(1.54104.75) <0.0001*
ALP (IU/T) 0.68 <0.0001* 1.46(1.00101.93) <0.0001*
Albumin (g/dI) -0.68 =0.0001* -265.32 (-470.00 t0 -99.93) 0.003%
ATX methylation levels (%)
Overall -0.55 =0.0001* -33.80 (-46.4210 -21.18) <0.0001*
CpG1 | -0.61 =0.0001* -21.11 (-29.17 to -12.95) <0.0001*
CpG2 | -0.46 =0.0001* -20.86 (-41.63 0 -18.09) <0.0001*
CpG3 -0.34 0.006* -28.66 (-43.14 10 -14.18) <0.0001*
CpG4 -0.42 0.001* -28.64 (-44.3810 -12.91) 0.0001*
Relative mRNA expression (ATX/ GAPDH) 0.44 =0.0001* 2B88.60 (129.36 10 447 .85) 0.001%

*Correlation is considered statistically significant at P-value less than 0.05 (two-tailed)
“The coefficient was adjusted for age and gender.
Abbreviations: TB = total bilirubin; AST = aspartate aminotransferase; ALT = alanine aminotransferase; ALP = Alkaline phosphatase




It has been hypothesized that ATX promoter methylation and ATX expression in
peripheral blood may serve as possible biomarkers reflecting the progression of liver
fibrosis in postoperative BA (Figure 2). These findings suggest that the promoter
hypomethylation and overexpression of ATX might play a contributory role in the

pathogenesis of liver fibrosis in BA.

30004 ™ ™ - 000 L]
"‘i - L e * . . _
B -
15001 ‘ ® #_.__.-" * B0 & ™ t - ’._:‘_--"' L ]
] - - - L
.-'"-l . B . L] -"ff .
. "y L L P
.g o] . rl £ oo |' ‘,; o
E 1) [ [ ]
P % : 2 L
oo , e "’; ' -
" - .
L]
] =046, F<0.001 o =066, P<0.001
H 5 w 15 m = [ e o 0 Bon 1000
Tatal bllirubin imgids Ajicaline phosphatase (iU
1cl [}
2000 - - 2000 -
a'e . A e % . . /
1800 ™ .' - o 1806 .:-' * .___.e-"';
P | o L
L 2 __.-"‘-

Awtotnxin {ngimi)
g
K=
..

- -:‘
Aurotaxin {ngimiy
;

:(- .
'\'."
-
L

3
\\.
™ ix‘x
"‘"
.l
]
At
®
L ]

o =067, P<0.001 o r=0.33, P=0.006
& 1150 e 0l e & i 200 M0 400 B3 600
Aspaniate aminotransierase (LI Alaning aminesransTerase (U
- 5 p F) g S &
o, * * s .. 3 .
. .
800 e T . wol Tooe o° -
. — . |
* . ™ - E ""‘--.__' [ ] L
- ™ 3 .
. oy £ . e
E 1ol e o _8g @ . gmm . !'“1_
E . .y - y o H 3 2 o*e
I A : o v
| —Sne ge . g o e
il gag e ® ol . -‘t s W
. . . I. . ~
™
o =66, F=0.001 a =597, P<0.001
F s a0 8 i 18 an as 80
Liver simress (kPa) Albsursile (/6

Figure 2. Scatter diagram and correlation analysis in biliary atresia patients. Serum
autotoxin levels are correlated with total bilirubin (A), alkaline phosphatase (B),
aspartate aminotransferase (C), alanine aminotransferase (D), liver stiffness (E), and

albumin (F).



Alu and LINE-1 elements are retrotransposons with a ubiquitous presence in the
human genome that result in genomic instability, especially relating to telomere length.
Genotoxic agents may induce methylation of retrotransposons, in addition to oxidative
DNA damage in the form of 8-hydroxy-2'-deoxyguanosine (8-OHdG). The objective of
this study was to investigate correlations between global methylation, 8-OHdG, and
relative telomere length (RTL), as well as reporting on Alu and LINE-1 hypomethylation
in postoperative BA. BA patients had remarkably shorter telomeres than healthy controls

(P < 0.0001) (Figure 3).
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Relative telomere length in BA patients and healthy controls; (B) Relative telomere
length in BA patients and controls, according to age group; (C) Relative telomere length
in patients with and without jaundice; (D) Relative telomere length in BA subgroups,
including non-fibrosis (FO-F1), mild fibrosis (F2), severe fibrosis (F3), and liver cirrhosis
(F4).

The RTL in BA patients with jaundice was significantly lower than that of
patients without jaundice (P = 0.005). Alu and LINE-1 hypomethylation, and
telomere shortening were found to be associated with elevated risk of BA (P < 0.0001)
(Table 3 and 4).

Table 3. Association between global methylation and risk of BA. aUnconditional logistic
regression analysis, adjusted for age and gender; P-value < 0.05 indicates statistical

significance.

Unadjusted OR Adjusted® OR

BA | Controls | OR(95%CI) P-value OR (95% CI) P-value

Alu elements

Overall | |::-u.-::::-2;| 100.00% | 0.88 (0.84-0.97) | < 0.001 | 0.88 (0.84-0.92) | < 100001
By median
Low 78.07% | S0.00% | 4.07(227-733) | <0.0001 | 4.07(227-732) | <0.0000
High 21.93% | 50.00% 1.00 (reference) 1.00 (reference)

By tertile

1= tertile Ti.68% 3333% 905 (4.54-21.80) | <00001 | 9.98(455-21.89) | - 0.0001

7™ tertile 14.46% 3333% 25301.03-6.20) 004 2E101.02-6.186) 0.0
3™ tertile 12.28% 33.33% 1.00 (reference) 1.00 (reference)
P-trend = 0.0001 = 0.0001

LIME-1 elements

Orverall 100000 | 100

(% 090 (0.85-0.94) « (L0001 089 (0.85-0.94) < (1.000]

By median

Lorwr 77.19% S0.00% 553(1.88-6.61) = (0001 351 (1.87-6.59) < (.000]
High 21E1% | 50.00% 100 (reference) 1.00 (reference)

By tertile

1% tertile 62 28% 3333% 646 (2 T7E-15.00) < 00001 | &52({279-1527) < (L0001

™ pertile 21.93% 3333% 2RZ(1.17-6.82) 0.02 2R3(1.17-6.88) 0.02
3™ tertile 15.79% 33.331% 1.00 (reference) 1.00 (reference)

Poirend < (L0001 < 0,001
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Figure 4. Relationships between global methylation, 8-hydroxy-2'-deoxyguanosine, and
telomere length in BA. (A) negative correlations between Alu or LINE-1 methylation and
8-OHdG; (B) plasma 8-OHdG levels in BA patients with hypo- and hypermethylated
status of Alu elements; (C) plasma 8-OHdG levels in BA patients with hypo- and
hypermethylated status of LINE-1 elements; (D) positive associations between Alu or
LINE-1 methylation and telomere length; (E) relative telomere length in BA patients with
hypo- and hypermethylated status of Alu elements; (F) relative telomere length in BA

patients with hypo- and hypermethylated status of LINE-1 elements.



Table 4. Multivariate linear regression analysis of global methylation estimates. A
Unconditional logistic regression analysis, adjusted for age, gender, liver stiffness, total

bilirubin (TB), aspartate aminotransferase (AST), alanine aminotransferase (ALT),

alkaline phosphatase (ALP),

and albumin;

P-value < 0.05

indicates statistical

significance.
Alu methylation® LINE-1 methylation®
Variables & coefficients (95% CI) P-value B coefficients (95% CI) Pvalue
Age (years) —0.12(—0.49 to 0.25) .52 — .14 {—0.51 to 0.24) 0.50
Gender —1.47 (—4.72 10 1.79) 0.37 240(—1.10to 578} 0.le
Liver stiffness (kFa) 0.03 (—0.04 to 0.10) 0.38 — 017 {—0.24 to —0.10) < 0.0001
TE (mg/dL) —0.14 (—0.69 to 0.42) .63 0.27 {—0.29 to 0_84) 0.34
AST (TUYL) 0.00 { —0.03 to 0.04) 0.98 0.02 {—0.02 to 007} 0.30
ALT {TU/L) 0.03 to 0.04) 085 — 0,01 {—0.05 to 0.02) 046
ALP({IL/L) 0.00 (—0.01 to 0.01) 0.99 0.00 (—0.01 b 0.01) 076
Albumin (g/dL) 1.03(—0.80 to 2.86) 0.27 —1.13{—-3.02t0 0.77) 0.24

Furthermore, LINE-1 methylation was associated with liver stiffness in BA
patients (P < 0.0001). Stratified analysis revealed negative correlations between Alu and
LINE-1 methylation and 8-OHdG in BA patients (P < 0.0001) (Figure 4). In contrast,
positive relationships were identified between Alu and LINE-1 methylation and
relative telomere length in BA patients (P <0.0001). These findings suggest that
retrotransposon hypomethylation is  associated with plasma 8-OHdG
and telomere length in BA.

In  conclusion, this study reported that, independent of risk factors,
hypomethylation of retrotransposable DNA elements in peripheral blood leukocytes was
associated with shorter telomeres, elevated oxidative DNA damage, and a higher risk of
BA. Accordingly, hypomethylation of retrotransposable DNA elements in peripheral
blood leukocytes may serve as a potential biomarker for BA susceptibility. Examinations
to elucidate whether genome-wide methylation in peripheral blood reflects epigenetic
changes in liver tissue will be essential to elicit and identify the role of epigenetics in
BA. Future research in both gene-specific methylation and potential underlying
mechanisms related to retrotransposon methylation will help to elucidate the effect of
epigenetic alterations in BA etiology, potentially yielding new diagnostic and therapeutic

approaches in BA.
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Abstract

Keywords

Objective: To investigate correlation of serum autotaxin and disease severity in biliary atresia  Autotaxin, biliary atresia, jaundice, liver

(BA).

stiffness, severity

Methods: Eighty postoperative BA patients and 15 controls were recruited. Serum autotaxin

levels were determined by enzyme-linked immunosorbent assay.

History

Results: BA patients had greater serum autotaxin and liver stiffness than controls. Serum

autotaxin and liver stiffness were markedly elevated in BA patients with jaundice compared to
those without jaundice. Furthermore, serum autotaxin was correlated with liver stiffness and

biochemical parameters in BA.

Conclusions: Elevated serum autotaxin was correlated with hepatic dysfunction in BA.

Received 26 September 2014
Revised 30 November 2014
Accepted 1 December 2014
Published online 24 December 2014

Accordingly, serum autotaxin is a promising biomarker reflecting the severity in BA.

Introduction

Biliary atresia (BA) is a devastating cholestatic liver disorder
in neonates characterized by progressive inflammatory
cholangiopathy. It results from the fibrosclerotic destruction
of the extrahepatic bile duct, leading to complete obliteration
of the biliary tract at any point between the porta hepatic
and duodenum. The obstruction of bile flow presents as
a triad of jaundice, acholic stool, and hepatosplenomegaly.
If left untreated, the majority of BA patients will develop
severe hepatic fibrosis, biliary cirrhosis, portal hypertension,
hepatic failure, and ultimately die by the age of 2 years
(Hartley et al., 2009). Surgical treatment which remains the
standard of care for first line intervention for infants with
BA is the Kasai portoenterostomy (Davenport, 2012). Failure
of the Kasai procedure leaves liver transplantation as the only
hope for survival (Hartley et al., 2009). The precise etiology
of biliary atresia remains a mystery; however, several possible
theories have been proposed for pathogenesis of BA,
including genetic defect, perinatal viral infection, abnormality
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of bile duct morphogenesis, and immune-mediated bile duct
injury (A-Kader et al., 2003).

Autotaxin, also known as ENPP-2 (ectonucleotide pyr-
ophosphatases/phosphodiesterase-2), is a 125kDa secreted
glycoprotein that belongs to the ENPP family (Yuelling &
Fuss, 2008). It was originally characterized as an autocrine
motility-stimulating factor from the conditioned medium of
A2058 melanoma cells (Stracke et al., 1992). Since then, the
increased expression of autotaxin has been shown in various
malignant tumor growth and metastasis (Stracke et al., 1997).
Autotaxin uniquely exhibits a lysophospholipase D (LPD)
activity through which it hydrolyzes lysophosphatidylcholine
(LPC) into lysophosphatidic acid (LPA) (Tokumura et al.,
2002). Autotaxin is widely expressed in tissues such as brain,
placenta or high endothelial venules (Fotopoulou et al., 2010;
Iwasawa et al., 2009, Nakasaki et al., 2008). In heterozygous
autotaxin-null mice, both the lysoPLD activity and the LPA
concentrations were about half of those observed in wild-type
mice, whereas complete knock-out of autotaxin is embryonic
lethal due to blood vessel abnormalities, showing that
autotaxin is responsible for the bulk of LPA production in
blood (Tanaka et al., 2006; van Meeteren et al., 2006).

Regarding its potential effect on hepatic stellate cells
(HSCs), LPA was first shown to stimulate rat hepatic stellate
cell proliferation, suggesting that LPA could be a pro-
fibrogenic factor in liver (Ikeda et al., 1998). Development of
liver fibrosis is coordinated by various cell types, including
HSCs. In continuously injured livers hepatic stellate cells are
activated and transdifferentiated into myofibroblasts, resulting



Downloaded by [Chulalongkorn University] at 03:41 29 December 2015

90 W. Udomsinprasert et al.

in the production of abundant extracellular matrices (Wallace
et al., 2008). Previous investigations have also suggested a
connection between liver fibrosis and serum or plasma LPA
and autotaxin was elevated in patients with chronic hepatitis C
virus (HCV) infection (Nakagawa et al., 2011; Watanabe
et al., 2007a). However, the origin and fate of serum autotaxin
must be further studied and serum autotaxin should be
investigated as a plausible liver fibrosis marker in not only
patients with chronic hepatitis C, but also patients with liver
fibrosis in general.

According to our knowledge, serum autotaxin in various
clinical stages of BA and its potential role in BA patients
have not yet been demonstrated. The present study is the
first to evaluate the correlation of serum autotaxin, liver
stiffness, and biochemical parameters in postoperative BA.
We postulated that serum autotaxin would be elevated and
associated with the disease severity and liver stiffness in BA
patients, and to prove this hypothesis, we examined serum
autotaxin and liver stiffness in BA patients compared with
healthy controls. Therefore, the objective of this study was
to analyze serum autotaxin levels collected from BA patients
and to determine the possible correlations of serum
autotaxin and biochemical parameters of postoperative
BA patients.

Materials and methods

This study was approved by the Institutional Review Board of
the Faculty of Medicine, Chulalongkorn University, and
conformed to the ethical guidelines of the 1975 Declaration of
Helsinki. All parents of children were informed of the purpose
of the study and of any interventions involved in this study.
Written informed consents were obtained from the partici-
pants’ parents upon informing them about the protocol
and procedures involved in the research.

Study population

Eighty BA patients (42 girls and 38 boys with mean age of
9.6+0.7 years) who came for the follow-up visit to the
Pediatric Liver Clinic and 15 healthy children (8 girls and
7 boys with mean age of 9.5 + 0.7 years) were enrolled in this
prospective study. All patients with type 3 (uncorrectable)
isolated BA had undergone hepatic portojejunostomy with
Roux-en-Y reconstruction (original Kasai procedure), and
they were generally in good health; no signs of suspected
infection or bleeding abnormalities at the time of blood
sampling. None of the participants had histories of liver
transplantation or adjuvant steroid therapy, but the patients
with serum total bilirubin exceeding 2 mg/dl had been treated
with ursodeoxycholic acid.

Healthy controls attending the Well Baby Clinic at King
Chulalongkorn Memorial hospital for vaccination had normal
physical findings and no underlying disease. Serum samples
were taken during their routine follow-up between January
2011 and December 2013. The duration of follow-up after the
Kasai operation was 8.8+0.9 years. BA patients were
categorized into two groups according to serum total bilirubin
(TB). Based on their jaundice status, BA children were
divided into a non-jaundice group (TB<2mg/dl) and a
persistent jaundice group (TB >2mg/dl). Subsequently,
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portal hypertension (PH) was validated by the presence of
ascites and/or esophageal varices as diagnosed by endoscopic
screening. Twenty-eight patients had no evidence of PH
whereas the rest of the 52 patients suffered from PH.

Laboratory methods

Samples of peripheral venous blood were collected from
every participant, and were stored at —80°C for further
measurement. Quantitative determination of autotaxin con-
centration in serum was performed using a commercially
available enzyme-linked immunosorbent assay (ELISA)
development kit (R&D Systems, Minneapolis, MN) according
to the manufacturer’s protocol. Serum samples were first
diluted in accordance with manufacturer’s recommendation.
Recombinant human autotaxin standards and serum samples
were added into each well, which was pre-coated with a
monoclonal antibody against autotaxin. After incubating for
2 h at room temperature, every well was washed thoroughly 4
times with wash buffer. Then, a horseradish peroxidase-
conjugated polyclonal antibody specific for autotaxin was
pipetted into each well and incubated for a further 2 h at room
temperature. After 4 washes, substrate solution was pipetted
into the wells and then the microplate was incubated for
30min at room temperature with protection from light.
Finally, the reaction was stopped by the stop solution and the
optical density was measured with an automated microplate
reader at 450 nm. The amount of colour generated is directly
proportional to the amount of autotaxin in the sample.
Autotaxin concentration was determined by a standard optical
density-concentration curve. Twofold serial dilutions of
recombinant human autotaxin with a concentration of
0.781-50ng/mL were used as standards. The intra- and
inter-assay coefficients of variation (CVs) were 2.6-3.7% and
2.9-4.7%, respectively. The sensitivity of this assay was
0.157 ng/mL.

The liver function tests including serum albumin, total
bilirubin (TB), direct bilirubin (DB), aspartate aminotransfer-
ase (AST), alanine aminotransferase (ALT), alkaline phos-
phatase (ALP), and gamma-glutamyl transferase (GGT) were
performed using a Hitachi 912 automated machine at the
central laboratory of our hospital. The aspartate aminotrans-
ferase to platelets ratio index (APRI) was calculated as
follows: (AST/upper limit of normal) x 100/platelet count
(10°/L) (Wai et al., 2003).

Liver stiffness measurement

Liver stiffness measurement was performed on the same day
as blood collection. Transient elastography measured the liver
stiffness between 25 and 65 mm from the skin surface, which
is approximately equivalent to the volume of a cylinder of
lcm diameter and 4cm length. The measurements were
performed by placing a transducer probe of FibroScan
(Echosens, Paris, France) on the intercostal space at the
area of the right lobe of the liver with patients lying in a
dorsal decubitus position with maximum abduction of the
right arm. The target location for measurement was a liver
portion that was at least 6cm thick, and devoid of major
vascular structures. The measurements were performed until
10 validated results had been obtained with a success rate of
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at least 80%. The median value of 10 validated scores was
considered the elastic modulus of the liver, and it was
expressed in kilopascals (kPa).

Statistical analysis

Statistical analysis was performed using the SPSS version
16.0 statistical software package (SPSS Inc., Chicago, IL).
Comparisons of demographic and clinical parameters
between groups were performed using Chi-square and
Student’s unpaired ¢-test when appropriate. Correlation
between numerical data was acquired using Pearson’s correl-
ation coefficient (r). Data were expressed as mean =+ standard
error of the mean. All the p values <0.05 based on a two-
tailed test were considered statistically significant.

Results

Comparison between BA patients and healthy
controls

A total of 80 BA patients and 15 healthy controls were
prospectively recruited in the present study. The characteris-
tics of participants in both groups are summarized in Table 1.
Mean age, gender ratio, and body mass index (BMI) in BA
patients and controls were not different, while liver stiffness
scores in BA patients were considerably higher than those in
controls (28.3 +£2.6 versus 5.2+ 0.7kPa, p<0.001). In add-
ition, BA patients had significantly higher serum autotaxin
levels than healthy controls (905.9+53.6  versus
290.0 +37.1 ng/ml, p<0.001), as shown in Figure 1.

Comparison between BA patients with and without
persistent jaundice

We further classified BA patients into a persistent jaundice
(n=42) and non-jaundice group (n=38). The demographic
data and biochemical parameters including liver function
tests, serum autotaxin, and liver stiffness values based on
jaundice status are demonstrated in Table 2. BA patients with
persistent jaundice had significantly lower albumin levels
than those patients without jaundice. In contrast, serum

Table 1. Demographic data, biochemical characteristics, and liver
stiffness scores of biliary atresia patients and healthy controls.
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bilirubin, AST, ALT, ALP, GGT, and APRI were markedly
elevated in BA patients with jaundice compared to those
without jaundice. Moreover, the mean liver stiffness values
of patients with persistent jaundice were remarkably higher
than those of patients without jaundice (40.8 +3.7 versus
15.1 +2.3kPa, p<0.001). As presented in Figure 2, serum
autotaxin levels in BA patients with jaundice were substan-
tially greater than those in BA patients without jaundice
(1144.4 +72.2 versus 642.3 +54.2ng/ml, p<0.001).

Further analysis showed that serum autotaxin levels were
markedly elevated in BA patients with PH than those without
PH (1078.5+62.8 versus 585.4+65.6ng/ml, p<0.001)
(Figure 3). Additionally, serum autotaxin levels were posi-
tively correlated with serum TB (r=0.46, p<0.001), ALP
(r=0.66, p<0.001), AST (r=0.67, p<0.001), ALT
(r=0.35, p=0.006), and liver stiffness values (r=0.66,
p<0.001). Conversely, serum levels of autotaxin were
inversely correlated with serum albumin (r=—0.57,
p<0.001). Correlations between serum autotaxin, ALP,

1000 - . <0.001

800 -

600

400 -

HH

200 -

Serum Autotaxin (ng/ml)

BA Controls

Figure 1. Comparison of serum autotaxin levels in postoperative biliary
atresia patients and healthy controls. The data are expressed as
mean + SEM.

Table 2. Comparison between biliary atresia patients with and without
jaundice.

BA Patients BA Patients
with jaundice  without jaundice

Variables BA (n=280) Controls (n=15) p Value Variables (n=42) (n=38) p Value
Age (years) 9.6+0.7 9.5+0.7 0.9 Age (years) 9.6+1.0 9.5+0.9 0.9

Gender (Female: Male) 42:38 8:7 0.5 Gender (Female: Male) 21:21 21:17 0.5

BMI (kg/m?) 18.0+0.6 18.0+£0.5 0.8 BMI (kg/m?) 17.0+0.7 18.8+0.9 0.1

Albumin (g/dl) 43+0.1 - NA Albumin (g/dl) 39+0.1 4.6+0.1 <0.001
Total bilirubin (mg/dl) 25+0.5 - NA Total bilirubin (mg/dl) 51+1.0 0.5+0.1 <0.001
Direct bilirubin (mg/dl) 20+0.5 - NA Direct bilirubin (mg/dl) 43+1.0 02+0.1 <0.001
AST (1U/1) 128.1+11.2 - NA AST (1U/1) 187.7+15.1 82.5+10.8 <0.001
ALT (IU/1) 117.8+12.3 - NA ALT (IU/1) 156.4 +£21.2 88.2+12.4 0.005
ALP (IU/1) 430.0+28.9 - NA ALP (IU/) 568.5+34.0 317.5+33.3 <0.001
GGT (IU/) 205.3+£20.5 - NA GGT (IU/1) 265.0 +28.9 128.3+25.8 <0.001
Platelet count (10°/mm®) 162.2+12.8 - NA Platelet count (10¥/mm®)  123.3+17.2 192.0+16.8 0.007
APRI 3.0+04 - NA APRI 52+0.6 1.5+0.2 <0.001
Liver stiffness (kPa) 28.3+2.6 52+0.7 <0.001 Liver stiffness (kPa) 40.8+3.7 15.1+£2.3 <0.001
Autotaxin (ng/ml) 905.9 +£53.6 290.0 £37.1 <0.001 Autotaxin (ng/ml) 11444 +£72.2 642.3 +54.2 <0.001

The data are expressed as mean+SEM. BA, biliary atresia; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; ALP,
alkaline phosphatase; GGT, gamma-glutamyl transferase; APRI,
aspartate aminotransferase to platelets ratio index; NA, not applicable.

The data are expressed as mean=+SEM. BA, biliary atresia; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; ALP,
alkaline phosphatase; GGT, gamma-glutamyl transferase; APRI,
aspartate aminotransferase to platelets ratio index.
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Figure 2. Comparison of serum autotaxin levels in biliary atresia
patients with jaundice, biliary atresia patients without jaundice, and

controls. The data are expressed as mean + SEM.
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Figure 3. Comparison of serum autotaxin levels in biliary atresia
patients with portal hypertension, biliary atresia patients without portal
hypertension, and controls. The data are expressed as mean + SEM.

AST, ALT, liver stiffness, and serum albumin are illustrated
in Figure 4.

Discussion

BA is an inflammatory obstructive cholangiopathy of
unknown etiology, and therapeutic options are unsatisfactory.
Despite early diagnosis and successful Kasai operation, a
significant number of BA children inevitably develop pro-
gressive liver fibrosis, cirrhosis with concomitant portal
hypertension, and end-stage liver disease. Liver transplant-
ation is an effective treatment modality if the Kasai
portoenterostomy fails and serious complications occur such
as recurrent cholangitis, persistent jaundice, progressive
ascites, and bleeding esophageal varices. Therefore, there
remains a critical need for the assessment of fibrogenic
progression in BA patients.

The functional basis for liver fibrosis and cirrhosis is
activation of non-parenchymal cells, such as hepatic stellate
cells. After HSCs are stimulated, these key effecter cells in
hepatic fibrogenesis are transformed into extracellular matrix-
producing myofibroblasts. This process results in the produc-
tion and the accumulation of collagen and other extracellular
matrices in liver parenchyma, thus initiating and perpetuating
the fibrosis (Gressner & Weiskirchen, 2006). Progression of
liver fibrosis is associated with an increased number of HSCs
(Yamaoka et al., 1993). LPA, which appears to be the major
biological effector of autotaxin, inhibits apoptosis, stimulates,
and contracts rat HSCs (Ikeda et al., 1998). Therefore, one
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can speculate that elevated serum autotaxin levels could be a
biochemical indicator for activation of HSCs during the
development of liver fibrosis. This study has been aimed to
evaluate the association between serum autotaxin, liver
stiffness measurements, and biochemical parameters in BA
patients after Kasai procedure.

In the present study, we demonstrated that serum autotaxin
levels were significantly higher in BA patients compared with
healthy controls. Furthermore, serum autotoxin levels were
substantially higher in BA patients with persistent jaundice
than those without jaundice. Subsequent analysis revealed that
serum autotaxin was positively correlated with serum total
bilirubin, suggesting that serum autotaxin was associated with
jaundice status in BA patients. We further found that elevated
serum autotaxin was positively correlated with serum TB,
AST, ALT, and ALP in postoperative BA patients. Serum
AST and ALT routinely serves as biochemical parameters of
liver dysfunction reflecting hepatocellular damage. In add-
ition, serum ALP is likely to be an indicator for the severity of
biliary obstruction. Further analysis also showed a negative
correlation between serum autotaxin and serum albumin.
Thus, these findings indicate that autotaxin could be a useful
biochemical marker in determining hepatic dysfunction and
biliary obstruction in postoperative BA patients.

According to our knowledge, the present study is the first
to show that serum autotaxin is elevated in BA patients
compared with healthy controls. We also found that serum
autotaxin was positively correlated with AST, ALP, TB, and
liver stiffness, but negatively correlated with serum albumin.
These results support that serum autotaxin is associated with
jaundice status, hepatic dysfunction, and liver fibrosis in BA
patients. Previous investigation has also indicated that
autotaxin is a key enzyme for converting LPC to LPA and
plasma LPA levels are correlated with the serum autotaxin
activity in patients with chronic liver disease (Watanabe et al.,
2007a). In agreement with our findings, Watanabe and
colleagues demonstrated that serum autotaxin levels were
elevated in patients with chronic hepatitis C (Watanabe et al.,
2007a). A recent study using hepatectomized rats suggested
that elevated autotaxin activity in rats with liver injury was
caused by a decrease in autotaxin clearance (Watanabe et al.,
2007b). In addition, Wu and coworkers further reported that
the increased autotaxin expression was detected mainly in
hepatocellular carcinoma (HCC) tissues compared to normal
liver tissues and that autotaxin overexpression in HCC was
specifically correlated with inflammation and liver cirrhosis
(Wu et al., 2010).

It is notable that the more elevated serum autotaxin was
observed in BA children with PH. PH is a consequence of
advanced hepatic fibrosis that obstructs sinusoidal blood
flow leading to the perpetuation of multiple varices. In this
regards, portal-systemic shunting could affect the clearance
of autotaxin. A reduced first-pass effect in the liver may
be responsible for the greater serum autotaxin in the patients
with PH. In line with our findings, Pleli et al. have documented
that serum autotaxin was associated with the stage of liver
cirrhosis, the prevalence of esophageal varices, and portal
hypertensive gastropathy, suggesting that serum autotaxin
could be an indicator for the severity of liver disease and the
prognosis of cirrhosis patients (Pleli et al., 2014).
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Figure 4. Scatter diagram and correlation analysis in biliary atresia patients. Serum autotoxin levels are correlated with total bilirubin (A), alkaline
phosphatase (B), aspartate aminotransferase (C), alanine aminotransferase (D), liver stiffness (E), and albumin (F).

Several possible mechanisms may contribute to the
significant elevation of serum autotaxin in BA patients,
especially in those with a poor outcome. The elevated serum
autotaxin is likely attributed to an increase in autotaxin
production, a reduction in autotaxin clearance from the
circulation or a combination of both. In the advanced BA
patients with jaundice and/or PH, the decreased clearance
could be caused by reduced uptake of autotaxin by liver
sinusoidal endothelial cells (LSEC) (Jansen et al., 2009).

Lack of LSEC fenestration and formation of an organized
basement membrane resulting in the capillarization of liver
sinusoids, not only precedes fibrosis, but is also permissive
for HSC activation and fibrosis (Muro et al., 1993). Thus,
dysregulation of the LSEC phenotype is a critical step in liver
fibrosis. This process may lead to a reduction in autotaxin
clearance thereby increasing circulating autotaxin levels.
Furthermore, other organs apart from the liver can produce
and secrete autotaxin in systemic circulation. In recent years,
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autotaxin expression has been evident in brain, lung, heart,
liver, duodenum, adrenals, and skeletal muscle, indicating that
autotaxin could be expressed in various tissues or organs
(Stefan et al., 1999). The major sources of high serum
autotoxin in this study may be extrahepatic organs. The higher
autotaxin levels could be regarded as indicating hepatic
damage and cholestatis in BA children.

A number of caveats need to be emphasized regarding the
current study. First, the study is cross-sectional in design with
relatively small numbers of patients and controls.
Accordingly, cause-and-effect relationships cannot be con-
cluded and require prospective longitudinal studies to eluci-
date any relationships. However, with a small sample size,
caution must be applied, as the findings might not be
transferable to other populations. Secondly, incomplete
evaluation of possible confounding factors including medical
comorbidities needs to be taken into account. Other limita-
tions would be the lack of serum creatinine and pediatric end-
stage liver disease (PELD) values. Future studies could
evaluate whether serum creatinine correlates with serum
autotaxin and further determine the PELD score for assessing
the severity of chronic liver disease. Moreover, this study was
limited to those patients who attended our hospital. As a
result, the findings might not be directly applicable to subjects
from other ethnic groups. Ultimately, tissue expression of
autotaxin has not been determined. Additional immunohisto-
chemical analysis of autotaxin hepatic expression could
render more valuable information on the pathophysiologic
role of autotaxin in BA.

In summary, the current evidence revealed that BA patients
had significantly elevated serum autotaxin and liver stiffness
values compared with healthy controls. Serum autotaxin and
liver stiffness values were markedly higher in BA patients
with persistent jaundice than in those without jaundice.
Subsequent analysis showed that BA patients with PH had
substantially greater serum autotaxin than those without PH.
Furthermore, serum autotaxin was associated with status of
jaundice, hepatic dysfunction, and liver stiffness in post-
operative BA. Based on these findings, serum autotaxin and
liver stiffness measurements could serve as possible non-
invasive biomarkers reflecting the disease severity and the
development of liver fibrosis in the post Kasai BA patients.
Further studies will be needed to determine the exact
mechanisms resulting in increased serum autotaxin in BA.
Although underlining mechanisms of the cause-and-effect
relationships are not entirely elucidated, there is abundant
room for further research regarding the potential role of
autotaxin in the pathogenesis of biliary atresia.
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Abstract

AIM

To investigate the prevalence of osteopenia and oste-
oporosis in postoperative biliary atresia (BA) children
and the association of bone mineral density (BMD) and
biochemical parameters in postKasai BA subjects.

METHODS

A total of 70 patients with postKasai BA were enrolled
in this prospective study. The patients were classified
into two groups according to their jaundice status. BMD
of the lumbar spine was analyzed using dual energy
X-ray absorptiometry.

RESULTS

The prevalence of low bone mass (osteopenia and
osteoporosis) in BA patients were 51.4% (36 out of
70). Ten patients (35.7%) in the jaundice group and
8 patients (19.0%) in the non-jaundice group had
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osteopenia. Sixteen patients (57.1%) in the jaundice
group and 2 patients (4.8%) in the no jaundice group
had osteoporosis. In addition, lumbar spine BMD Z-score
was substantially lower in the jaundice BA patients
compared with non-jaundice patients. BA subjects
with persistent jaundice had significantly lower serum
25-hydroxyvitamin D than those without jaundice. Further
analysis revealed that lumbar spine BMD was correlated
with age (r = 0.774, P < 0.001), serum albumin (r =
0.333, 2 = 0.005), total bilirubin (- = -0.476, P < 0.001),
aspartate aminotransferase (r = -0.583, £ < 0.001),
alanine aminotransferase (» = -0.428, P < 0.001), and
alkaline phosphatase(r = -0.456, P < 0.001).

CONCLUSION

Low BMD was associated with biochemical parameters
reflecting the severity of cholestasis in postKasai BA
patients.

Key words: Bone mineral density; Jaundice; Biliary
atresia; Cholestasis; Severity

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Recent evidences have highlighted the
importance of bone mineral density (BMD) in chronic
liver disease including biliary atresia (BA). This study
revealed that BA patients with persistent jaundice had
significantly lower BMD and 25-hydroxyvitamin D than
those without jaundice. Furthermore, lumbar spine BMD
was correlated with hepatic dysfunction suggesting
that low BMD was associated with outcome parameters
reflecting the severity of cholestasis in postoperative BA
patients.

Homchan K, Chaiwatanarat T, Udomsinprasert W, Chongsrisawat
V, Poovorawan Y, Honsawek S. Low bone mineral density and
the severity of cholestasis in biliary atresia. World J Hepatol
2017; 9(16): 000-000 Available from: URL: http://www.
wjgnet.com/1948-5182/full/v9/i16/000.htm DOI: http://dx.doi.
org/10.4254/wjh.v9.116.000

INTRODUCTION

Biliary atresia (BA) is a progressive, idiopathic, necro-
inflammatory process resulting in obliteration of the
extrahepatic biliary tree resulting in intrahepatic cholestasis,
hepatic fibrosis, biliary cirrhosis, and advanced chronic liver
failure!'l, It is a rare disease, with the reported prevalence
ranging from 1 in 5000 to 1 in 19000 live births™®. It is
the most common cause of neonatal jaundice for which
surgery is indicated and also the most common indication
for liver transplantation in children. The pathogenesis of BA
has remained a mystery. Most of the causal theories include
defects resulting from a viral infection or toxin exposure,
defects in morphogenesis, genetic predisposition, defects
in prenatal circulation and immune dysregulation™*.
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Low bone mass is frequent in patients with chronic
liver disorder including BA. Metabolic bone disease is a
common disorder that can be found in patients with hepatic
osteodystrophy, particularly those affected by chronic
cholestasis®”, Its etiology is complex and multifactorial and
presents as osteopenia and osteoporosis which should be
investigated and diagnosed early in patients with chronic
liver disease in order to minimize the risk of fractures and
improve their quality of life®™®®). The purpose of this study
was to determine bone mineral density (BMD) from
postKasai BA children and to investigate the association
of BMD and outcome parameters in postoperative BA
patients.

MATERIALS AND METHODS

Patients

This investigation was approved by the Institutional
Review Board of the Faculty of Medicine, Chulalongkorn
University and was conducted in compliance with the
Declaration of Helsinki. All parents of BA children were
informed of the study’s objectives, and written informed
consent was derived from the parents prior to the par-
ticipants entering the study.

A total of 70 postKasai BA subjects (30 males and 40
females; mean age 7.6 £ 0.5 years) who attended the
follow-up visit in Pediatric Liver Clinic at King Chulalongkormn
Memorial Hospital were recruited in the present study.
Among the 70 BA children in this study, none of them had
any evidence of residual infection or ascending cholangitis
or clotting abnormalities during venipuncture. None had
experienced liver transplantation. To compare the clinical
outcomes among BA subjects, they were allocated into
two groups corresponding to their levels of serum total
bilirubin (TB): Non-jaundiced group (TB < 2.0 mg/dL, n
= 42) and persistently jaundiced group (TB = 2.0 mg/dL,
n = 28).

Laboratory tests

Venous blood specimens were procured from each subject,
centrifuged, and then kept at -80 ‘C until measurement.
Liver function tests including TB, direct bilirubin, aspatate
aminotransferase (AST), alanine aminotransferase (ALT),
and alkaline phosphatase (ALP) were assessed using
Hitachi 912 automated chemical analyzer at the central
laboratory of our hospital. Serum 25-hydroxyvitamin D
[25(0OH)D] levels were analyzed using automated chemilu-
minescent immunoassay (Diasorin, Saluggia, Italy).

BMD assessments

Dual-energy X-ray absorptiometry scans (Hologic QDR
2000, Hologic Inc., Waltham, MA, United States) were
performed on the lumbar spine (anteroposterior lumbar
vertebrae L1-L4) of every subject for BMD assessments.
BMD was reported as grams of mineral per square
centimeter (g/cm?) and Z-scores. Z-scores of BMD were
expressed as numbers of standard deviations from
the mean BMD of age matched norms. Children were
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Table 1 Demographic data and laboratory parameters of biliary atresia patients based on status of jaundice

BA patients Total Jaundice No jaundice P-value
n 70 28 42

Gender (male/female) 30:40 12:16 18:24 0.5
Age (yr) 76105 6.3+0.8 8.6+0.6 0.01
Albumin (g/dL) 39+0.1 32103 43+0.1 <0.001
Total bilirubin (mg/dL) 38+0.7 82+15 09+0.1 <0.001
Direct bilirubin (mg/dL) 25+0.6 58+1.1 02£0.1 <0.001
AST (IU/L) 1488 +13.7 2359 +20.9 90.8+11.3 <0.001
ALT (IU/L) 133.3+12.8 183.4+18.4 99.8+15.7 0.001
ALP (IU/L) 501.7 £36.3 681.6 +46.3 381.8+43.3 <0.001
25(OH)D (ng/mL) 253+1.1 16.0+1.8 30.1+0.7 <0.001
Lumbar BMD (g/cm?®) 0.5+0.0 0.4+0.0 0.6+0.0 <0.001
Lumbar BMD Z-score -1.2+£0.2 -23+0.2 -04+0.1 <0.001

Data are expressed as mean and SEM. ALP: Alkaline phosphatase; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; BA: Biliary atresia;

BMD: Bone mineral density; 25(OH)D: 25-hydroxyvitamin D.

categorized into normal, osteopenia, and osteoporosis
based on World Health Organization (WHO) criteria.
Osteoporosis was designated as a lumbar spine BMD
equal to or exceeding 2.5 standard deviations (SD)
below the average values (Z score < -2.5). Osteopenia
was designated as a lumbar spine BMD below 2.5 SD but
above 1 SD under the average values (-2.5 < Z score
< -1.0). Normal BMD was designated as a lumbar spine
BMD equal to or below 1 SD under the average values (Z
score = -1.0).

Statistical analysis

Statistical analysis was performed using the statistical
package for social sciences software, version 22.0 for
Windows. All values are expressed as a mean =+ standard
error. Demographic and clinical data between groups
were compared by »° tests and unpaired Student’s t
tests, where appropriate. Comparisons of clinical data
and biochemical markers among patients with normal,
osteopenia, and osteoporosis were analyzed using
one-way analysis of variance (ANOVA) with Tukey post
hoc test if ANOVA showed significance. Correlations
between numerical data were acquired using the Pearson
correlation coefficient (r). A P-value < 0.05 indicated
statistically significant.

RESULTS

Comparisons between BA subjects with and without
persistent jaundice

Seventy postKasai BA patients were enrolled in this
prospective study. The characteristics and laboratory
parameters of BA children with persistent jaundice
compared to BA children without jaundice are described
in Table 1. Jaundice BA subjects had markedly lower
serum albumin levels than non-jaundice BA children.
On the other hand, serum bilirubin, AST, ALT, ALP were
considerably higher in BA cases with jaundice than those
without jaundice. Subsequent analysis demonstrated
that lumbar spine BMD and serum 25-hydroxyvitamin D
values of jaundice BA subjects were significantly lower

WJH | www.wjgnet.com
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than those of non-jaundice BA subjects (P < 0.001).

Correlation of lumbar spine BMD and outcome
parameters in BA subjects

The prevalence of low bone mass (osteopenia and
osteoporosis) in BA subjects were 51.4% (36 out of
70). Ten patients (35.7%) in the jaundice group and
8 patients (19.0%) in the non-jaundice group had
osteopenia. Sixteen patients (57.1%) in the jaundice
group and 2 patients (4.8%) in the no jaundice group
had osteoporosis. Subsequently, BA patients were
divided into tertiles based on the WHO criteria. The first
tertile included 34 patients with BMD Z-scores from 0 to
-1 (considered as normal), the second tertile included 18
patients with Z-scores from -1.0 to -2.5 (considered as
osteopenia), and the third tertile included 18 patients with
Z-score lower than -2.5 (considered as osteoporosis).
There was no statistically significant difference in gender
and age distribution among the three tertiles (Table 2).
However, serum albumin, serum bilirubin, AST, ALT,
serum 25(0OH)D and lumbar spine BMD were significantly
different between the three tertiles. Further analysis
revealed that lumbar spine BMD was correlated with age
(r=10.774, P < 0.001), serum albumin (r = 0.333, P =
0.005), TB (r = -0.476, P < 0.001), AST (r = -0.583,
P < 0.001), ALT (r = -0.428, P < 0.001), and ALP (r =
-0.456, P < 0.001). The correlations between lumbar
spine BMD, age, serum albumin, serum TB, AST, ALT,
ALP are illustrated in Figure 1.

DISCUSSION

BA is a serious cholestatic liver disease in neonates.
The obstruction of bile flow in BA results in worsening
cholestasis, liver fibrosis and cirrhosis, which lead to
portal hypertension and eventually end-stage liver
failure in children. Early diagnosis and timely Kasai porto-
enterostomy to restore bile flow can help avoid the need
of liver transplantation during childhood in a number
of patients™™”. Despite a number of extensive clinical
research studies on BA, the etiology and pathogenesis of
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Figure 1 Scatter diagram and correlation analysis in biliary atresia patients. Lumbar spine bone mineral density are correlated with age (A), serum albumin (B),
total bilirubin (C), aspartate aminotransferase (D), alanine aminotransferase (E), alkaline phosphatase (F).

BA are largely unknown.

In the recent years, serum 25-hydroxyvitamin D
level was decreased in BA patients with low BMD™,
Additionally, circulating leptin and osteoprotegerin
levels has been shown to be correlated with BMD and
the presence of jaundice in BA, suggesting that leptin
and osteoprotegerin could play a pontential role in
maintaining bone mass of BA patients™**?,

The current study showed that postoperative BA
patients with jaundice had significantly lower lumbar
spine BMD than those without jaundice. Moreover, we
have illustrated that the prevalence rates of osteopenia
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and osteoporosis in jaundiced BA subjects were higher in
comparison with those in non-jaundiced children. Further
analysis revealed an inverse association between lumbar
spine BMD and serum TB and liver synthetic function.
The explanation for these findings may be attributable to
decreased osteoblastic function or increased osteoclastic
resorption in BA patients. It has been documented that
osteoblast proliferation was inhibited by unconjugated
bilirubin in vitro and by the serum of jaundiced patients,
indicating that bilirubin might have a direct effect on
bone metabolism™***, A number of BA cases eventually
become advanced stage of liver disease and pediatric

June 00, 2017 | Volume 9 | Issue 16 |



Table 2 Comparison of clinical characteristics and laboratory parameters among biliary atresia patients with normal, osteopenic, and

osteoporotic bone mineral density Z-scores at the lumbar spine

Characteristics Normal Osteopenia Osteoporosis P-value
n 34 18 18

Gender (male/female) 15/19 7/11 8/10 0.3
Age (yr) 82+0.7 77+1.1 6.5+1.0 0.4
Albumin (g/dL) 41+02 4.0+0.1 3.3+0.2 <0.05
Total bilirubin (mg/dL) 1.0+0.2 28+0.7 10.0+2.1 <0.001
Direct bilirubin (mg/dL) 04+0.1 1.6+0.5 73117 <0.001
AST (IU/L) 95.6 £13.7 177.1+£24.8 221.2+31.2 <0.001
ALT (IU/L) 104.2 £18.2 164.6 £ 23.7 156.8 + 25.1 <0.001
ALP (IU/L) 429.1 +55.7 538.4 +55.2 602.3 +£71.3 0.08
25(OH)D (ng/mL) 33.2+£0.7 26.3+0.5 143+15 <0.01
25(OH)D (ng/mL) 33.2+0.7 263105 143+15 <0.01
Lumbar BMD (g/cmz) 0.6+0.0 0.5+0.0 04+0.0 <0.001

Data are expressed as mean and SEM. ALP: Alkaline phosphatase; ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; BA: Biliary atresia;

BMD: Bone mineral density; 25(OH)D: 25-hydroxyvitamin D.

liver transplantation is the treatment strategy of choice
for improving quality of life in BA children. Recent study
has reported that successful liver transplantation could
improve biochemical markers of bone formation and
resorption suggesting acceleration of growth process
in BA children®, However, the connection between
cholestasis and low bone mass in BA patients merits
further investigations.

Some caveats need to be acknowledged regarding
the current study. First, the number of patients and
controls enrolled in the present study was relative small.
This could reduce the statistical power of these results.
Accordingly, prospective longitudinal study with a larger
population is warranted to elucidate the exact relationship
between BMD, outcome parameters, and the severity
in BA subjects. Secondly, inadequate measurement of
plausible confounding factors including comorbidities
needed to be taken under advisement. Moreover,
another limitation of our study is the lack of Child-Pugh
and Model for End-Stage Liver Disease (MELD) scores.
Future study is also required to evaluate the Child-Pugh
and MELD values for predicting of chronic liver disease
severity. Ultimately, the paucity of quantitative bone
histomorphometry analysis which may render evidence
as to whether bone was correlated with BMD data.
Therefore, more research will be needed in order to
better comprehend the precise role of bone mass in the
severity of postKasai BA.

To summarize, the current study demonstrated that
BA subjects with persistent jaundice had significantly
lower BMD than those without jaundice. Additionally,
lumbar spine BMD was correlated with hepatic dys-
function suggesting that low BMD was associated with
outcome parameters reflecting the severity of cholestasis
in postKasai BA patients.

COMMENTS

Background
Biliary atresia (BA) is a severe congenital cholestatic liver disease with an
unknown etiology. Metabolic bone disorder (osteopenia and osteoporosis)
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can be complicated by existing chronic liver diseases including BA. There is
evidence that serum markers of bone metabolism correlated with the degree of
jaundice in BA.

Research frontiers

In recent years, much research has revealed that vitamin D deficiency is
associated with the severity of hepatic fibrosis or reduced bone mineral density
(BMD) in patients with chronic liver disease. This study showed that lumbar
spine BMD and 25-hydroxyvitamin D level in BA patients with jaundice were
lower than those without jaundice. Moreover, low BMD was associated with
serum bilirubin and liver function.

Innovations and breakthroughs

Jaundiced BA patients showed significantly lower lumbar spine BMD and
25-hydroxyvitamin D than in non-jaundiced BA patients. Additionally, lumbar
spine BMD correlated with hepatic function markers, which reflect the severity
of cholestasis in postKasaiBA patients.

Applications

BMD could be used to assist clinicians in assessing the progression of
cholestasis. This study highlights the need of vitamin D supplementation and its
potential in maintaining bone mass in persistently jaundiced BA children.

Terminology

BMD is the amount of bone mineral per unit volume of the bone tissue and
is used as an indirect parameter of bone health. BMD measurements of the
patients are generally compared to those from age-matched population and are
expressed as Z-score. Osteopenia is defined as Z-score between -1 and -2.5,
and osteoporosis as Z-score < -2.5.

Peer-review

A very interesting study to explore the prevalence of osteopenia and oste-
oporosis in post-Kasai BA children and the association of bone mineral density
and biochemical parameters in postoperative BA patients.
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Abstract

Objective

The purpose of this study was to investigate the association of telomere length in peripheral
blood leukocytes with the severity of biliary atresia (BA).

Methods

One hundred and fourteen BA patients and 114 age-matched healthy controls were
enrolled. Relative telomere length (RTL) was assessed using a quantitative real-time poly-
merase chain reaction. Multivariate regression analysis was used to estimate RTL as an
independent risk factor of BA. Receiver operating characteristic curve analysis was used to
calculate the accuracy of biomarkers in the prediction of liver cirrhosis.

Results

BA patients had significantly shorter telomeres than healthy controls (p < 0.0001). The RTL in
BA patients with jaundice was considerably lower than that of patients without jaundice (p =
0.005). Moreover, RTL was markedly shorter in patients with cirrhosis (F4), as compared to
patients with mild fibrosis (F2) and non-fibrosis (FO-F1, p <0.0001). Logistic regression analy-
sis indicated that short RTL was associated with a higher risk of liver cirrhosis in BA. Tertile
analysis showed a dose-response effect for this association (p trend < 0.0001). Additionally,
RTL in BA children revealed a negative correlation with age (r=-0.50, p < 0.001). We noted
an association between reduction of RTL and liver stiffness scores, adjusted for age and gen-
der (b =-0.01, p <0.0001). Short RTL can be employed to distinguish cirrhosis patients from
non-cirrhosis patients (AUC = 0.78). Further analysis showed a linear correlation between
leukocyte RTL and liver RTL in BA patients (r= 0.83, p < 0.001).
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Conclusion

The findings of this study provide evidence that telomere shortening is associated with an
elevated risk of liver cirrhosis in BA.

Introduction

Biliary atresia (BA), the most common cause of cholestatic liver disorder in infants, is charac-
terized by progressive fibrosclerosing cholangiopathy affecting the extra- and intrahepatic
biliary ducts. BA patients who experience obstruction of bile flow suffer persistent jaundice,
acholic stools, hepatomegaly, and/or splenomegaly. If left untreated, the majority of BA
children will develop chronic liver disease (severe hepatic fibrosis, biliary cirrhosis, and liver
failure) and most likely die by the age of 2 years [1]. Kasai portoenterostomy, the first-line
intervention for infants with BA, reestablishes bile flow to the gastrointestinal tract. Liver trans-
plantation is another treatment option in cases where Kasai portoenterostomy fails or is not
practical [2]. The precise etiology and pathophysiology of BA remains elusive. Environmental
factors may be a cause of BA in a genetically susceptible individual during early infancy. If this
is the case, variants of genes playing a role in hepatobiliary development or immunological tol-
erance tend to be candidates for mediating susceptibility. Moreover, evidence supporting the
role of genetic factors as a cause of BA has been accumulating for a number of years [3, 4]. In
addition to results from epidemiological studies, polymorphism studies, and data on twins, the
concept of shortened telomere length as a genetic risk factor for liver fibrosis and BA has been
proposed.

Telomeres, which are located at the ends of chromosomes, consist of repetitive DNA
sequences of TTAGGG and related proteins of crucial importance for telomere function.
Telomeres help maintain genomic integrity and stability by shielding chromosome ends from
deterioration, fusion, and atypical recombination [5]. The telomere length shortens each time
cells divide, because DNA polymerases are not capable of completely replicating chromosomes
during cell division. This is commonly referred to as the end-replication problem. This alter-
ation in telomere length precipitates capping function losses at the chromosomal ends, leading
to DNA damage program activation, which contributes to senescence, apoptosis, and neoplas-
tic transformation [6]. As such, telomere length is an indicator of the biological age of a cell.

There is also emerging evidence that describes an association between attrition of telomere
length and several human pathologies [7, 8], including a variety of cancers and chronic liver
disorders, such as liver hepatitis, cirrhosis, and hepatocellular carcinoma (HCC) [9-11]. These
findings strongly suggest telomere shortening in the development of liver cirrhosis. Accord-
ingly, evaluation of telomere length may serve as a feasible and reliable non-invasive indicator
for determining the risk and prognosis of BA. In support of this proposed causal relationship, a
previous study demonstrated telomere shortening in liver tissues of BA patients at the time of
liver transplantation [12]. Until now, no report has specifically examined the relationship
between telomere length in peripheral blood leukocytes and biochemical parameters in BA
patients, particularly by considering DNA from leukocytes as a non-invasive biomarker. This
proposed method would provide a cost-effective and time-saving alternative, as peripheral
blood leukocytes are easier to collect and evaluate than liver tissue.

In this study, quantitative real-time polymerase chain reaction (PCR) was used to compare
and evaluate telomere length in patients with BA and age-matched healthy controls. We
hypothesized that shortened telomere length can be positively correlated with increased
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severity of BA. To prove this hypothesis, we investigated telomere length in peripheral blood
leukocytes from both BA patients and age-matched healthy controls and evaluated the associa-
tion between telomere length and clinical parameters of BA patients.

Materials and Methods
Study population

This cross-sectional analytical study was composed of 114 patients with BA (66 females and
48 males) and 114 healthy age-matched controls (64 females and 50 males). BA patients who
came for the follow-up visit to the Pediatric Liver Clinic were enrolled. All BA patients were
diagnosed using intra-operative cholangiography and were surgically treated with original
Kasai portoenterostomy. BA children who had undergone liver transplantation were excluded
from this study. Age-matched unaffected volunteers who had normal physical findings and no
underlying disease were included as the controls. In addition, two pairs of monozygotic twins
with BA discordance (one set of whom suffered from BA) were recruited for this investigation.
The BA children were stratified in terms of bile flow establishment into a non-jaundice group
(TB < 2 mg/dl) and a persistent jaundice group (TB > 2 mg/dl), according to serum total bili-
rubin (TB). Based on the severity of liver fibrosis (liver stiffness values), BA patients were also
divided into four groups: non-fibrosis (FO-F1: 0-7.2 kPa), mild fibrosis (F2: 7.3-9.7 kPa), severe
fibrosis (F3: 9.8-17.2 kPa), and cirrhosis (F4: > 17.3 kPa), as previously described by Corpe-
chot et al. [13].

The liver function tests including serum albumin, total bilirubin (TB), aspartate amino-
transferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase (ALP) were per-
formed by a Hitachi 912 Chemistry Analyzer at the central laboratory of our hospital. Blood
samples from every participant were drawn using ethylenediaminetetraacetic acid for anticoa-
gulation. After centrifugation at 4,000 rpm for 10 minutes, the blood was separated into plasma
and leukocytes. The plasma and leukocytes were stored at -80(C until further analysis. Due to
the availability to collect liver tissue of BA patients in some cases, we obtained only 6 liver tis-
sue samples and matched DNA samples from peripheral blood leukocytes of BA patients. All
liver tissue samples were immediately frozen and stored at -80°C for further measurement.

The protocol for this study was approved by the Institutional Review Board of the Faculty of
Medicine, Chulalongkorn University (IRB number 279/57). This study was conducted in accor-
dance with the ethical standards outlined in the 1975 Declaration of Helsinki. All participants,
parents, or legal guardians were fully informed regarding the study protocol and procedures
prior to participating in the study. Written informed consent was obtained from the participants’
parents upon informing them about the protocol and procedures involved in the research.

Measurement of telomere length

Telomere length in genomic DNA extracted directly from peripheral blood leukocytes and liver
tissue according to the instruction of DNA extraction kit (GE Healthcare, Buckinghamshire, UK)
was measured by applying a quantitative real-time PCR method, as previously described by Caw-
thon et al. [14]. Telomere length was measured according to the ratio of the telomere repeat copy
number (T) to the single-copy gene copy number (S) in each given sample. The single-copy gene
refers to the 36B4 gene, which encodes the acid ribosomal phosphoprotein (PO). The ratio (T/S)
is proportional to the average telomere length. DNA samples were amplified in 10 (1 PCR reac-
tions with StepOnePlus Real Time PCR system (Applied Biosystems, Foster City, CA, USA). The
primers used for the telomere repeat copy number and the single-copy gene copy number ampli-
fication were, as follows: telomere forward 5'-CGGTTTGTTTGGGTTTGGGTTTGGGTTTG
GGTTTGGGTT-3; telomere reverse 5'-GGCTTGCCTTACCCTTACCCTTACCCTTACCC

PLOS ONE | DOI:10.1371/journal.pone.0134689 July 31,2015 3/16



@’PLOS ‘ ONE

Telomere Length and Biliary Atresia

TTACCCT-3'; single-copy gene forward 5'-CAGCAAGTGGGAAGGTGTAATCC-3'; and, sin-
gle-copy gene reverse 5'-CCCATTCTATCATCAACGGGTACAA-3'. Both PCRs were activated
in a final volume of 10 (1 that contained SYBRGreen Master Mix none-ROX (2x) (RBC Biosci-
ence, Taipei, Taiwan), 3.12 ng of DNA template, and 0.5 nM of telomere primers or 0.5 nM of
single-copy gene primers. The thermal cycling profile for both telomeres and single copy genes
started with 95°C incubation for 10 min, followed by 40 cycles of 15 sec at 95°C and 1 min at
54°C. All amplification specificity was regulated by employing melting curve analysis. In each
sample, the quantity of telomere repeats and the quantity of single-copy genes were normalized
to a reference DNA. The same reference DNA sample (from a single individual) was included in
each measurement to control inter-assay variability.

Liver stiffness assessment

The assessment of liver stiffness was performed on the same day as blood sampling. Transient
elastography determined the liver stiffness between 25 and 65 mm from the skin surface. The
measurements were performed by placing a transducer probe of Fibroscan (EchoSens, Paris,
France) on the intercostal space at the area of the right lobe of the liver. Measurements were
then performed until 10 validated results were obtained with a success rate of at least 80%. The
median value of 10 validated scores represented the elastic modulus measurement of the liver
and it was expressed in kilopascals (kPa) [15].

Statistical analysis

Statistical analyses were performed with the SPSS statistical package, version 20.0 (SPSS Inc.,
Chicago, IL, USA). The Kolmogorov-Smirnov test and quantile-quantile plot were used to
assess whether relative telomere length (RTL) was normally distributed. Comparisons between
means were evaluated by Student’s t-test, while the Mann-Whitney U test and Kruskal-Wallis
H test were employed for comparison of abnormally distributed continuous variables. Spear-
man’s rank correlation coefficient test was used to define the relationship between telomere
length and age. The associations of RTL with the risk of BA were measured by applying univar-
iate and multivariate logistic regression analyses to determine the roles of confounding factors.
Receiver operating characteristic (ROC) curves were constructed to evaluate the specificity and
sensitivity of predicting cirrhosis using RTL values, and the area under curve (AUC) was calcu-
lated. Data are presented as mean + standard error of the mean. For all statistics, a p-value less
than 0.05 (based on a two-tailed test) was considered statistically significant.

Results
Characteristics of the study participants

The baseline characteristics of the 114 BA patients and 114 unaffected volunteers are summa-
rized in Table 1. Participants were age-matched between BA patients and healthy controls.
Although the number of females was higher than males in both controls and BA patients, there
was no significant difference. As expected, liver stiffness values in BA patients were substan-
tially higher than those in controls (p < 0.0001). In addition, there were significantly higher
serum AST and ALT levels in BA patients than in controls (p < 0.0001).

Relative telomere length distribution in the study subjects

We investigated telomere length in leukocytes from the BA group and the unaffected controls.
Overall, the RTL in leukocytes was significantly lower in BA children compared to healthy con-
trols (p < 0.0001), as shown in Fig 1A. Given that telomere length is age-related, we classified
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Table 1. Clinicopathologic characteristics of biliary atresia patients and age-matched healthy
controls.

BA patients (n = 114) Controls (n = 114) p-value
Age (years) 8.95 (0.45 8.95 (0.45 NS
Gender (female:male) 66:48 64:50 NS
Albumin (g/dl) 4.04 (0.09 - NA
Total bilirubin (mg/dl) 2.72 (0.37 - NA
AST (IUN) 117.92 (9.27 26.66 (0.82 < 0.0001
ALT (1Un) 97.23 (8.38 9.24 (0.65 < 0.0001
ALP (1U/1) 421.00 (29.74 - NA
Liver stiffness (kPa) 32.78 (2.38 4.01 (0.19 < 0.0001

Abbreviations: BA = biliary atresia; AST = aspartate aminotransferase; ALT = alanine aminotransferase;
ALP = alkaline phosphatase; NS = not significant; NA = not available

doi:10.1371/journal.pone.0134689.t001

the subjects of both groups into 3 age categories (3 to 8 years, n = 60; 9 to 14 years, n = 40; and,
15 to 21 years, n = 14). A significantly shortened telomere length could be found in BA patients
within each of the 3 age categories, as compared to the control group (p = 0.020, p < 0.0001,
and p < 0.0001, respectively), as presented in Fig 1B.

In stratified analysis according to jaundice status, BA patients were divided into persistent
jaundice and non-jaundice groups (Table 2). Interestingly, the RTL in BA patients with persis-
tent jaundice was markedly shorter than that in BA patients without jaundice (p = 0.005). Fur-
thermore, there was a significant difference in RTL between BA patients with jaundice and
healthy controls (p < 0.0001). We also found that BA patients without jaundice had markedly
shorter telomere length than unaffected volunteers (p < 0.0001) (Fig 1C).

We further explored telomere length in leukocytes from a subgroup of BA patients accord-
ing to liver stiffness value (FO-F1: 0-7.2 kPa, n = 15; F2: 7.3-9.7 kPa, n = 17; F3: 9.8-17.2 kPa,
n=18;and, F4: > 17.3 kPa, n = 69). Table 3 illustrates the clinical characteristics of the BA sub-
groups based on the severity of liver fibrosis. BA children with cirrhosis (F4) had significantly
greater telomere shortening than both patients with mild fibrosis (F2, p < 0.0001) and patients
without liver fibrosis (FO-F1, p < 0.0001). However, RTL did not differ among BA children
with severe fibrosis (F3) and other stages (Fig 1D).

Relative telomere length in twins discordant for biliary atresia

Subsequently, we examined telomere length in two sets of twins with discordant pathology in
BA. Set 1: the patient is a nine-year-old girl who was diagnosed to have BA, with her twin sister
being born healthy and remaining so to date. The RTL was found to be shorter in the BA twin,
as compared to her healthy sister that served as the control group (T/S ratio: 0.80 vs. 1.82,
respectively). Set 2: a case of 19-year-old twin women, one of whom suffers from BA. Her twin
sister has remained healthy with normal liver function tests. We also observed that the BA twin
had a shorter telomere length than her twin sister without BA (T/S ratio: 0.13 vs. 0.26, respec-
tively), as demonstrated in Fig 2.

Short relative telomere length and increased risk of BA

Since telomere length is also influenced by age and gender, we employed logistic regression
analysis to control the role of confounding variables. After adjusting for age and gender, RTL
in childhood BA was substantially shorter than that of the controls by an average of 0.089 units
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Table 2. Clinicopathologic characteristics of biliary atresia patients with and without jaundice.

Age (years)

Gender (female:male)
Albumin (g/dI)

Total bilirubin (mg/dl)
AST (1U/N)

ALT (1Un)

ALP (1U/1)

Liver stiffness (kPa)

BA patients (n = 114) p-value
Non-jaundice (n = 77) Jaundice (n = 37)

8.38 +4.32 9.31£0.94 NS
46:31 20:17 NS

4.14 £ 0.11 3.78+0.12 0.032
0.77 £0.13 7.05+0.74 < 0.0001
90.87 £ 19.24 186.13 + 19.24 < 0.0001
94.76 £ 10.04 131.97 + 12.59 0.024
358.64 + 31.62 586.68 + 58.17 0.001
26.93+2.78 45.44 + 3.83 < 0.0001

Abbreviations: BA = biliary atresia; AST = aspartate aminotransferase; ALT = alanine aminotransferase; ALP = alkaline phosphatase; NS = not significant

doi:10.1371/journal.pone.0134689.t002

(95% CI: 0.038 to 0.21, p < 0.0001). The RTL of participants were separated into short RTL
and long RTL groups, based on the median distribution of RTL in healthy controls. As shown
in Table 4, patients with short RTL had a significantly elevated risk of BA, as compared to
patients with long RTL in both univariate (unadjusted OR: 3.07, 95% CI: 1.75 to 5.39,

p < 0.0001) and multivariate analysis (adjusted OR: 3.25, 95% CI: 1.82 to 5.81, p < 0.0001).
We further categorized study subjects into three groups according to the tertile of RTL values
in controls and investigated a significant dose-response association between short RTL and
higher risk of BA. Specifically, using the third tertile (longest) as the reference group, the odds
ratios (OR) for the first and second tertiles were 5.68 (95% CI: 2.65 to 12.16, p < 0.001) and
2.53(95% CI: 1.14 to 5.64, p = 0.023), respectively, in unadjusted univariate analysis and 6.15
(95% CI: 2.82 to 13.42, p < 0.0001) and 2.54 (95% CI: 1.14 to 5.67, p = 0.023), respectively, in
multivariate analysis. The p trend was less than 0.0001 in both analyses, suggesting quite strong
evidence for a dose-response effect of short RTL-related higher risk of BA.

Association between telomere length and clinical characteristics

The association between RTL and age in BA patients and healthy controls is shown in Fig 3. As
expected, no association between age and RTL was observed in healthy controls (r = -0.12,
p =0.20), while the RTL in BA patients showed an inverse association with age. There was a

Table 3. Clinicopathologic characteristics of biliary atresia patients with non-fibrosis, mild fibrosis, severe fibrosis, and liver cirrhosis.

BA patients (n = 114) p-value

FO—F1 (n = 15) F2 (n=17) F3 (n=18) F4 (n = 64)
Age (years) 7.33+£0.74 8.52 + 0.88 8.17 £1.13 9.62 + 0.67 NS
Gender (female:male) 12:3 6:11 10:8 38:26 NS
Albumin (g/dl) 3.77 £0.35 3.90 + 0.29 416 £0.24 4.13 £ 0.078 NS
Total bilirubin (mg/dl) 1.39 £ 0.86 1.34 £ 0.65 1.46 + 0.50 3.77£0.55 0.015
AST (1UN) 68.53 £ 16.75 78.76 £ 16.91 100.94 + 16.93 147.67 + 13.97 0.0020
ALT (1U/1) 59.26 + 14.38 74.52 £ 15.03 91.06 + 13.67 128.46 + 12.50 0.0060
ALP (1U/l) 300.26 + 42.75 292.47 + 53.97 386.23 + 77.22 501.49 + 43.92 0.010
Liver stiffness (kPa) 5.56+0.19 8.75+0.17 14.17 £ 0.54 50.57 £ 2.53 < 0.0001

Abbreviations: BA = biliary atresia; AST = aspartate aminotransferase; ALT = alanine aminotransferase; ALP = alkaline phosphatase; NS = not significant

doi:10.1371/journal.pone.0134689.t003
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Fig 2. Telomere length assessment finding in two sets of twins by BA discordance: (A) Amplification plot and relative telomere length analysis in
nine-year-old twin girls who were discordant for BA (set 1); (B) Amplification plot and relative telomere length analysis in nineteen-year-old twin
women affected by BA discordance (set 2).

doi:10.1371/journal.pone.0134689.9002

Table 4. Logistic regression analysis of association between relative telomere length and risk of biliary atresia.

Unadjusted Adjusted?
RTL BA Controls OR (95% CI) p-value OR (95% Cl) p-value
Overall 114 114 0.11 (0.048-0.24) < 0.0001 0.089 (0.038-0.21) < 0.0001
By median
Short 86 57 3.07 (1.75-5.39) < 0.0001 3.25 (1.82-5.81) < 0.0001
Long 28 57 1 (reference) 1 (reference)
By tertile
1% tertile 70 38 5.68 (2.65-12.16) < 0.0001 6.15 (2.82-13.42) < 0.0001
2" tertile 33 38 2.53 (1.14-5.64) 0.023 2.54 (1.14-5.67) 0.023
3 tertile 11 38 1 (reference) 1 (reference)
p trend < 0.0001 < 0.0001

Abbreviations: BA = biliary atresia; RTL = relative telomere length
@ Adjusted for age and gender

doi:10.1371/journal.pone.0134689.1004
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Fig 3. Scatter plot demonstrating correlation between relative telomere length of peripheral blood leukocytes and age in controls and BA patients:
(A) Relative telomere length decrease with age in the controls; (B) Significant relative telomere length decrease with age in BA patients.

doi:10.1371/journal.pone.0134689.g003

significant relationship between RTL and age, with RTL being longer in younger patients (r =
-0.50, p < 0.001). We then performed multiple linear regression analysis, adjusting for age and
gender to estimate the interaction between RTL and biochemical variables (Table 5). Interest-
ingly, liver stiffness was found to be associated with a reduction in relative telomere length
after adjusting for age and gender (b =-0.01, p < 0.0001).

Shorter telomere length as prognostic marker for liver cirrhosis

Since RTL is an independent prognostic indicator, we further investigated RTL as a predictor
of the risk of liver cirrhosis in postoperative BA patients. We calculated the area under curve
(AUC) of the ROC curve, which was constructed using RTL values. Based on the ROC curve,
the optimal cutoff value of RTL as a useful marker for discriminating BA patients with cirrhosis
from non-cirrhosis BA patients was projected to be 0.58, which yielded a sensitivity of 76.6%, a
specificity of 72%, and an AUC of 0.78 (95% CI: 0.70 to 0.86, p < 0.0001) (Fig 4).

Table 5. Multiple linear regression analysis of telomere length estimates.
Variables Relative telomere length p-value

Estimate b (95% CI)

Age (years) -0.023 (-0.039 to -0.007) 0.005
Gender 0.028 (-0.11 t0 0.17) NS
Total bilirubin (mg/dl) 0.001 (-0.024 to 0.025) NS
AST (1Un) 0.00038 (-0.002 to 0.001) NS

ALT (1Un) 0.001 (-0.001 to 0.002) NS

ALP (1U/1) 0.000076 (-0.00025 to 0.0004) NS
Liver stiffness (kPa) -0.01 (-0.013 to -0.007) < 0.0001

Abbreviations: AST = aspartate aminotransferase; ALT = alanine aminotransferase; ALP = alkaline
phosphatase; NS = not significant

doi:10.1371/journal.pone.0134689.t005
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Fig 4. Receiver operating characteristic (ROC) curve representing diagnostic value of relative telomere length in biliary atresia patients with
cirrhosis: The optimal cut-off value of relative telomere length at 0.58 as a marker discriminating between BA patients with and without cirrhosis.

doi:10.1371/journal.pone.0134689.9004

Correlation between telomere length in peripheral blood leukocytes and
liver tissue in BA

Genomic DNA was prepared from matched peripheral blood leukocytes and liver tissue from 6
individuals with BA. Although the RTL was higher in leukocytes compared to liver tissue, the
difference was not statistically significant (1.41 + 0.10 vs 1.36 + 0.19, respectively), as shown in
Fig 5A. Subsequent analysis demonstrated that there was a positive correlation between RTL in
peripheral blood leukocytes and RTL in liver tissue (r = 0.83, p < 0.001; Fig 5B).

Discussion

In the current study, we examined the relative telomere length of peripheral blood leukocytes
in BA patients and investigated the association of telomere length changes with the severity of
BA. To the best of our knowledge, this study is the first to demonstrate a dramatically signifi-
cant decrease in leukocyte RTL in BA patients, as compared to age-matched healthy controls.

PLOS ONE | DOI:10.1371/journal.pone.0134689 July 31,2015 10/16



el e
@ ) PLOS ‘ ONE Telomere Length and Biliary Atresia

3.0
A —_ @B Leukocytes Liver tissue
<)
© 2.5 P<0.001 P<0.001
2
e
£ 2.0
e
2 I
9_.) 1.5 I -
o
S I
§ 1.0
2 I
L
I 0.5
)
m .
0.0" T T -r T T T T
Overall 1 2 3 4 5 6
BA patients
B r=0.83, P<0.001
2.5
2.0 CN

Peripheral blood leukocytes
- -
o =) o
1 H | o

o
il

1 I I I I I

||
8 1.0 1.2 1.4 1.6 1.8 2.0
Liver tissue

PLOS ONE | DOI:10.1371/journal.pone.0134689 July 31,2015 11/16



@’PLOS ‘ ONE

Telomere Length and Biliary Atresia

Fig 5. Telomere length distribution between peripheral blood leukocyte and liver tissue in BA patients: (A) Mean levels of relative telomere length
for peripheral blood leukocytes and liver tissue in BA patients; (B) Correlation between relative telomere length in peripheral blood leukocytes

and liver tissue in BA patients.

doi:10.1371/journal.pone.0134689.9005

In addition, advanced BA patients had substantially shorter telomeres than early-stage BA
children. We observed that shortened telomere length was associated with a higher risk of liver
cirrhosis in BA. Furthermore, RTL was found to be inversely correlated with age and liver stiff-
ness. In contrast, we did not find any relationships between RTL and biochemical parameters
such as AST, ALT, ALP, albumin, and total bilirubin in BA children. The ROC curve analysis
showed that RTL could be a prognosis indicator for distinguishing BA patients with cirrhosis
from non-cirrhosis patients. These findings confirm our hypothesis that a reduction in telo-
mere length is associated with the severity of liver fibrosis in BA and that telomere length may
serve as a non-invasive biomarker in determining cirrhosis progression in postoperative BA
patients.

The present study has also examined the relationship between leukocyte telomere length
and liver telomere length in BA patients. We found that the relative telomere length was not
significantly different between leukocytes and liver tissue. Further analysis revealed that RTL in
peripheral blood leukocytes was positively correlated with RTL in liver tissue. Our observations
are in agreement with a previous study that determined the correlation of leukocyte telomere
length with telomere length in liver tissue. Dlouha and coworkers reported a significant direct
correlation between leukocyte RTL and liver RTL in human autopsy material [16]. The strong
correlation of telomere length between peripheral blood leukocytes and liver tissue suggests
that telomere length is relatively similar and that telomeres shorten at approximately similar
rates. Our findings support the hypothesis that leucocyte telomere length might have potential
as a possible non-invasive biomarker for monitoring the severity and progression of liver cir-
rhosis in post Kasai BA.

Aberration of the telomere complex might lead to chromosomal and genetic instability,
contributing to cellular senescence or apoptosis and increasing the risk of malignancy [6].
Telomere length evaluation is a possibly beneficial biomarker for investigating individual sus-
ceptibility for disorders in epidemiological studies, because the balance of processes that
abridge and elongate telomeres are largely genetically determined [17, 18]. In addition, a grow-
ing body of epidemiological evidence in chronic liver diseases suggested that increased telo-
mere attrition might be closely associated with a genetic risk of liver illness. Here, we report the
attrition of telomere length in BA patients. RTL in BA patients was considerably shorter than
that in unaffected volunteers, implying that telomere length reduction could be associated with
a higher risk of liver cirrhosis in BA. To support this observation, we identified two pairs of
female twins, of which only one of the twins was diagnosed with having BA. The twins diag-
nosed with BA had a shorter telomere length than the healthy twins. Moreover, the leukocyte
RTL in the nineteen-year-old twin of set 2 was much lower than that in the nine-year-old twin
of set 1. We also observed a significant inverse correlation between leukocyte telomere length
and age in patients affected with BA. The explanation for this finding could be due to a pro-
gressive decline in leukocyte telomere length with ageing in BA patients.

In accordance with our finding, Kitada et al. investigated telomere length in chronic liver
disorders and reported that telomere length was consistently shorter in liver tissue of patients
with chronic liver diseases, when compared to control groups [10]. Sanada and colleagues
reported hepatocellular telomere length in 20 BA children using quantitative fluorescence in
situ hybridization that normalized the telomere-centromere ratio in the liver biopsies of the BA
group to be significantly smaller than that of the control group [12]. The findings from our
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study, however, are partially in accordance with the previous research of Invernizzi and
colleagues. They found that telomere length in peripheral blood mononuclear cells was not
significantly different between patients with primary biliary cirrhosis (PBC) and unaffected
volunteers; whereas, an excessive telomere shortening was observed in the advanced stage PBC
patients, as compared to healthy controls [19]. The reason for this discrepancy remains unex-
plained. It may be attributed to a difference in methodology relating to measurement of telo-
mere length between our study and the Invernizzi study.

In humans, decreasing telomere length is correlated with age. Telomere length has been
extensively proven to be shorter in patients with age-related disorders than in unaffected vol-
unteers. Its role in mediating age-related disease, however, has not yet been fully elucidated.
Our findings also indicate that shortened telomere length in chronological age is significantly
different between BA patients and age-matched controls. We further found that telomere
shortening showed a trend of inverse association with age in BA patients, suggesting premature
cellular ageing in BA children. This is consistent with previous investigations that reported
telomere attrition to be negatively correlated with age-related diseases [20, 21].

Chronic liver damage induces regeneration and repair processes in hepatocytes, which leads
to elevated cell turnover and ultimately results in excessive telomere shortening. When telo-
meres become critically shortened, they cause impairment of cell proliferation and senescence.
Eventually, hepatocyte growth is arrested and/or senescence assumes a profibrogenic state,
either or both trigger the activation of stellate cells by as yet uncertain mechanisms, leading to
fibrogenesis in the liver [22]. It is noteworthy that the RTL was considerably shorter in the
advanced BA patients with jaundice, when compared with jaundice-free patients, indicating
that RTL could be a non-invasive parameter reflecting the severity of biliary atresia.

The mechanism of shortened RTL in leukocytes is not easily addressed. Given the complex-
ity of telomere biology, it merits thorough and complex investigation for clear understanding.
Several plausible mechanisms either independently or in combination, may be speculated. In
BA, the natural progressive decrease of telomere length with age could be accelerated by telo-
meric DNA damage due to oxidative stress, chronic inflammation, increased cellular turnover,
and/or defects in telomere repair [23]. Telomeric DNA sequences, rich in guanine residues, are
likely more susceptible to oxidative stress, particularly by the formation of 8-oxodG. Moreover,
these could promote DNA double-strand breaks particularly at telomeric regions resulting in
the loss of the distal fragments of telomeric DNA and, thus, telomere shortening with each cell
division [24]. Inflammation triggers cellular proliferation and accelerates cell turnover, there-
fore facilitating telomere attrition due to the end-replication problem. A genetic predisposition
must be taken into account. It is conceivable that a variety of these factors may act in concert to
generate the phenomenon. The mechanism behind the connection of shortened RTL in leuko-
cytes and liver cirrhosis in BA remains a mystery and requires further study.

This study revealed a significant inverse association between the RTL and liver stiffness in
BA patients. Our findings further demonstrated that BA patients with severe fibrosis had
increased telomere erosion, compared with BA patients with mild fibrosis, denoting that attri-
tion of telomere length could drive the progression of liver cirrhosis in these patients. These
findings are in agreement with results reported by Urabe and collaborators who found that
increases in telomere shortening were correlated with the severity of fibrosis in patients diag-
nosed with human liver diseases [25]. Our findings are also supported by a previous study by
Wiemann et al. which demonstrated that telomere shortening in hepatocytes and senescence
were associated with fibrotic scarring in human cirrhosis [26]. Thus, the erosion of telomere
length is believed to be an indicator of cirrhosis progression and telomere shortening to be an
important cause in the pathogenesis of chronic liver injury in BA.
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The current research acknowledges certain limitations that should be noted. First, we evalu-
ated telomere length in BA patients, but did not measure the activity of telomerase enzymes.
As such, we were not able to determine the effects of telomerase activation and the dynamics of
telomere length relating to BA in these results. Second, this study was cross-sectional in its
design. Therefore, cause-and-effect associations could not be determined. Prospective longitu-
dinal studies are necessary to investigate the association between telomere shortening and the
severity of BA. Third, since this study was carried out with only Thai participants, the results
may not be generalizable among other ethnic groups. Fourth, since BA is a sporadic disorder,
this study reduced the number of BA subgroups, which diminished the power of the statistics.
For this reason, the sample size of BA needs to be increased in order to reach an unequivocal
conclusion. Accordingly, the mechanisms behind the connection of shortened RTL in leuko-
cytes and liver cirrhosis in BA remain unknown and need further investigation.

Conclusion

This study supports the association between short telomere length in leukocytes and higher
risk of liver cirrhosis in BA. In addition, RTL in peripheral blood leukocytes was associated
with disease severity, showing that BA patients with advanced-stage exhibit excessive telomere
shortening. These observations indicate that telomere length measurement might serve as an
important predictor of BA patients at high risk of cirrhosis. Prognostic telomere length value
as a biomarker for future risk of hepatic impairment in BA needs to be confirmed in a longitu-
dinal study. Further understanding of the pathogenesis of BA will provide new therapeutic
approaches to the treatment of this disorder.
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deoxyguanosine (8-OHdG). Methylation of retrotransposons induced by these agents may contribute to
biliary atresia (BA) etiology. Here, we investigated correlations between global methylation, 8-OHdG,
. and relative telomere length, as well as reporting on Alu and LINE-1 hypomethylation in BA patients.
: Alu and LINE-1 hypomethylation were found to be associated with elevated risk of BA (OR = 4.07; 95%
© Cl:2.27-7.32; P < 0.0001 and OR=3.51; 95% Cl: 1.87-6.59; P < 0.0001, respectively). Furthermore,
LINE-1 methylation was associated with liver stiffness in BA patients (3 coefficient=—0.17; 95% Cl:
—0.24to —0.10; P < 0.0001). Stratified analysis revealed negative correlations between Alu and LINE-1
methylation and 8-OHdG in BA patients (P < 0.0001). In contrast, positive relationships were identified
. between Alu and LINE-1 methylation and relative telomere length in BA patients (P < 0.0001). These
. findings suggest that retrotransposon hypomethylation is associated with plasma 8-OHdG and
. telomere length in BA patients.

Biliary atresia (BA) is one of the most common causes of neonatal cholestatic liver disease. BA is characterized by
. aprogressive idiopathic fibrosclerotic cholangiopathy that results in obliteration of the extrahepatic biliary tree.
. Although effective bile flow can be established by Kasai portoenterostomy, the majority of BA patients will ulti-
. mately develop severe cholestasis, liver cirrhosis, and end-stage liver disease’. The etiologies of BA have not been
- well established. However, several theories have been proposed to explain the pathogenesis of BA, including viral
: infections, toxins, and immunologic insults; notably, the interplay between environmental and genetic factors?.
. Growing evidence suggests that epigenetic variation can be elicited by viruses, toxins, and genetic defects?, which
* may have relevance in the development of BA.
: DNA methylation, one type of epigenetic change, is a reversible modification of cytosine residues in the
genome through the addition of a methyl group to cytosine nucleotides. This variation is an important mech-
© anism in regulating expression of human genes, maintenance of genomic stability, and telomere length*.
© A substantial portion of methylation sites throughout the human genome are found in repetitive sequences
. and transposable elements, such as Alu or short interspersed nuclear element (SINE) and long interspersed
. nuclear element-1 (LINE-1). Alu and LINE-1 are major components of non-long terminal repeat retrotrans-
: posons, comprising approximately 11% and 17% of the human genome, respectively’. Because repetitive DNA
. sequences account for over 40% of methylation in the genome, DNA methylation measured in retrotransposon
elements has served as a useful proxy for global DNA methylation®. Alu and LINE-1 elements are usually heav-
ily methylated in normal cells, thus maintaining transcriptional inactivation and inhibiting retrotransposition.
Hypomethylation of these elements is hypothesized to facilitate genomic instability by resulting in retrotranspo-
sition of transposable elements, dysregulation of DNA repair genes”?, and altered expression of important genes®.
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Previous studies have highlighted relationships between global hypomethylation and several human diseases'-°.

Methylation of these elements also makes them susceptible to oxidative stress', which may be a possible factor
associated with biliary atresia.

Oxidative stress constitutes the majority of DNA damage in human cells, which is due mainly to excess pro-
duction of reactive oxygen species (ROS)"®. Generation of ROS can lead to a wide range of DNA lesions, including
base deletions, mutations, DNA strand breakage, chromosomal rearrangements, and cross-linking with pro-
teins'®. Oxidative DNA damage can modify epigenetic alterations by multiple mechanisms. One form of DNA
damage induced by oxidative stress is the change in genomic base to species like 8-hydroxy-2’-deoxyguanosine
(8-OHAG). 8-OHdG is able to interfere with the ability of DNA to function as a substrate for the DNA methyl-
transferases (DNMTs), leading to global DNA hypomethylation and subsequent genomic instability!”. Alu and
LINE-1 may be critical elements in chromosome and genomic stability and may be induced by an increase in
oxidative stress, leading to genomic instability and DNA damage. As such, these elements may contribute to the
pathophysiology of BA. To date, there has been no evidence regarding the possible association between global
methylation and oxidative DNA damage in BA patients. This information could improve our understanding of
the relationship between epigenetic alteration-mediated DNA damage and BA etiology. Interestingly, epigenetic
mechanism appears to be an important component of telomere regulation. Several studies have reported that
hypomethylation of subtelomeric regions was related to telomere length and that these regions might be impor-
tant to epigenetic regulation in telomere maintenance'®', thereby establishing a possible etiologic link between
global DNA methylation and telomere length in BA patients.

While methylation of retrotranposon elements has been investigated in relation to a variety of disorders, little is
known about the association of global DNA methylation and the exact patho-etiology of BA. We hypothesize that
epigenetic alterations in the form of global DNA methylation, may be associated with outcome parameters and tel-
omere length in BA patients. Accordingly, the primary aim of the present study was to assess methylation levels and
patterns of Alu and LINE-1 elements in peripheral blood leukocytes from BA patients and age-matched healthy con-
trols using quantitative combine bisulfite restriction analysis (QCOBRA). We further investigated whether Alu and
LINE-1 methylation levels were associated with hepatic dysfunction, oxidative stress, and relative telomere length in
BA patients. Additionally, we examined the association between Alu and LINE-1 methylation and risk of BA. Further
understanding of global DNA methylation, oxidative damage, and telomere length would shed light on the role of
epigenetic aberrations play in the etiology of BA and may ultimately support the development of effective strategies.

Results

Characteristics of study subjects. Baseline demographic characteristics of participants in this analysis are
listed in Supplementary Table 1. Of 228 participants enrolled in this study, 114 patients were diagnosed with BA
(57.89% female and 42.11% male) and 114 were healthy controls (56.14% female and 43.86% male). There were
no significant differences in age or gender between BA patients and healthy controls. However, BA patients had
significantly higher liver stiffness, AST, and ALT values than controls (P < 0.0001).

Hypomethylation of Alu and LINE-1 elements in biliary atresia. In order to explore potential epige-
netic alterations resulting from global methylation in BA, we measured Alu and LINE-1 methylation in peripheral
blood leukocytes of BA patients and age-matched healthy controls. Figure 1A reveals the distribution of Alu
methylation levels in BA patients and controls in box plot format. Median Alu methylation level in BA patients
was significantly lower than in healthy controls (P < 0.0001). LINE-1 methylation levels were also found to be
lower in BA patients than in healthy controls (P < 0.0001) (Fig. 1B).

We further investigated methylation patterns of Alu and LINE-1 elements in BA patients and healthy controls.
Median percentages of each Alu methylation pattern are shown in Fig. 1C. Interestingly, we observed significant
elevation of hypomethylation pattern ("C"C) at Alu elements in BA patients, as compared to healthy controls
(P<0.0001). Similarly, BA patients demonstrated higher methylation of partial methylation patterns (*C™C and
mC"C) than the control group (P=0.0037 and P=0.0035, respectively). In contrast, the percentage of hypermethyl-
ation pattern ("C™C) was significantly decreased in BA patients (P < 0.0001). BA patients had significantly reduced
LINE-1 methylation of both hypermethylation pattern ("C™C) and partial methylation pattern (*C™C), as compared
to controls (P < 0.0001 and P < 0.0001, respectively) (Fig. 1D). However, the percentage of partial methylation pat-
tern (C"C) at LINE-1 elements was significantly higher in BA patients than in unaffected controls (P < 0.0001). This
was not observed in LINE-1 methylation of hypomethylation pattern in a comparison between cases and controls.

When disease severity was considered, BA patients were classified according to liver fibrosis status and hepatic
dysfunction marker (AST value). Alu methylation levels in the different subgroups were remarkably lower than in
controls (P < 0.0001); however, there were no significant differences in Alu methylation between early-stage (mild
fibrosis and low AST value) and late-stage (severe fibrosis and high ATS value) BA patients (Fig. 2A,B). Notably,
LINE-1 hypomethylation was observed in advanced BA patients with severe fibrosis and high AST value, when
compared with patients with early-stage disease (P=0.001 and P=0.019, respectively) (Fig. 2C,D).

Alu and LINE-1 hypomethylation in monozygotic twins discordant for biliary atresia.
Subsequently, we investigated Alu and LINE-1 methylation levels in two sets of monozygotic twins discordant for
BA. Set 1: the patient was a nine-year-old girl who was diagnosed with BA, while her sister was born healthy and
remains so to date. Expectedly, this case demonstrated slightly lower Alu methylation level than control (58.37%
vs. 59.62%, respectively). Set 2: the patient was a nineteen-year-old woman diagnosed as BA, with a twin sister
who is healthy and has normal liver function tests. We also observed a slight reduction in Alu methylation level
in this case when compared to control (57.28% vs. 57.84%, respectively). This effect was restricted to LINE-1
methylation level comparisons.
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Figure 1. Methylation levels and patterns of Alu and LINE-1 elements in controls and BA patients. (A)
Alu methylation levels; (B) LINE-1 methylation levels; (C) Alu methylation patterns; (D) LINE-1 methylation
patterns.

Association between global methylation and risk of BA.  Using unconditional logistic regression
models, we evaluated Alu or LINE-1 methylation levels as an independent risk factor of BA. As shown in Table 1,
this study demonstrated that overall Alu and LINE-1 methylation were inversely associated with risk of BA (OR:
0.88, 95% CI: 0.84-0.92; P < 0.0001 and OR: 0.89, 95% CI: 0.85-0.94; P < 0.0001, respectively). After adjusting
for age and gender, a 4.07-fold (95% CI: 2.27-7.32) higher risk of BA was observed among individuals with lower
Alu methylation below the median distribution in the controls, compared with individuals with higher Alu meth-
ylation (P < 0.0001), consistent with LINE-1 methylation analysis (OR: 3.51, 95% CI: 1.87-6.59; P < 0.0001). We
further evaluated a significant dose-response association between Alu or LINE-1 hypomethylation and increased
BA risk. Compared with individuals in the highest Alu methylation tertile (third tertile), individuals in the lowest
tertile (first tertile) were associated with a 9.98-fold increased risk of BA (P-trend < 0.0001). In addition, there was
a significant dose-response association between the lowest LINE-1 methylation tertile and increased risk of BA
(P-trend < 0.0001). Specifically, when using the third tertile (the highest tertile) as the reference group, adjusted
OR:s for the first and second tertile were 6.52 (95% CI: 2.79-15.27) and 2.83 (95% CI: 1.17-6.88), respectively.
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Figure 2. Aluand LINE-1 methylation levels among groups. (A) Alu methylation level in controls and BA
according to fibrosis status; (B) severity of hepatic injury; (C) LINE-1 methylation level in control and BA
according to fibrosis status; (D) severity of hepatic injury.

Correlation between global methylation and clinical parameters. To further determine possible
correlations between Alu and LINE-1 methylation, as well as biochemical variables in BA patients, we performed
multiple linear regression analysis with adjustments for confounding variables. Relationships between global DNA
methylation and clinical outcomes are presented in Table 2. There were no statistically significant associations
between Alu methylation and clinical outcomes in BA patients. In contrast, a reduction in LINE-1 methylation was
found to be associated with increased liver stiffness (3 coefficient=—0.17, 95% CI: —0.24 to —0.10; P < 0.0001).

Increased 8-hydroxy-2’/-deoxyguanosine levels. To assess levels of oxidative DNA damage in BA, we
measured circulating 8-OHdG concentrations in 114 BA patients and 53 healthy controls. Mean plasma 8-OHdG
value in BA patients was considerably higher than unaffected controls (P < 0.0001) (Fig. 3A). In analyses stratified
by disease severity, BA patients were categorized based on jaundice status, fibrosis status, and hepatic dysfunction
marker (AST value). Elevated plasma 8-OHdG concentrations was found in advanced BA patients with persis-
tent jaundice, severe fibrosis, and advanced stage of hepatic injury, as compared to healthy controls (P < 0.0001,
P <0.0001, and P < 0.0001, respectively). Contrariwise, no significant differences in 8-OHdG concentrations were
noted in comparison with concentrations in patients with early-stage and late-stage, as demonstrated in Fig. 3B-D.

Relationships between global methylation, oxidative DNA damage, and telomere length.
Given that epigenetic modifications in global methylation may be involved in telomere elongation and may be
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Alu elements
Overall [ 100.00% | 100.00% | 088(084-0.97) | <0001 | 0.88(0.84-0.92) | <0.0001
By median
Low 78.07% 50.00% 4.07 (2.27-7.33) < 0.0001 4.07 (2.27-7.32) <0.0001
High 21.93% 50.00% 1.00 (reference) 1.00 (reference)
By tertile
1% tertile 73.68% 33.33% 9.95 (4.54-21.80) <0.0001 | 9.98 (4.55-21.89) < 0.0001
2" tertile 14.46% 33.33% 2.53(1.03-6.20) 0.04 2.51(1.02-6.16) 0.04
3 tertile 12.28% 33.33% 1.00 (reference) 1.00 (reference)
P-trend < 0.0001 < 0.0001
LINE-1 elements
Overall ‘ 100.00% | 100.00% 0.90 (0.85-0.94) < 0.0001 0.89 (0.85-0.94) < 0.0001
By median
Low 77.19% 50.00% 3.53 (1.88-6.61) < 0.0001 3.51 (1.87-6.59) < 0.0001
High 22.81% 50.00% 1.00 (reference) 1.00 (reference)
By tertile
1% tertile 62.28% 33.33% 6.46 (2.78-15.00) <0.0001 | 6.52(2.79-15.27) < 0.0001
20 tertile 21.93% 33.33% 2.82(1.17-6.82) 0.02 2.83 (1.17-6.88) 0.02
3t tertile 15.79% 33.33% 1.00 (reference) 1.00 (reference)
P-trend < 0.0001 < 0.0001

Table 1. Association between global methylation and risk of BA. “Unconditional logistic regression analysis,
adjusted for age and gender; P-value < 0.05 indicates statistical significance.

Age (years) —0.12 (—0.49 t0 0.25) 0.52 —0.14 (—0.51 to 0.24) 0.50
Gender —1.47 (—4.72 t0 1.79) 037 2.40 (—1.10t0 5.78) 0.16
Liver stiffness (kPa) 0.03 (—0.04 to 0.10) 038 —0.17(=0.24t0 —0.10) | <0.0001
TB (mg/dL) —0.14 (—0.69 t0 0.42) 0.63 0.27 (—0.29t0 0.84) 0.34
AST (IU/L) 0.00 (—0.03 to 0.04) 0.96 0.02 (—0.02 to 0.07) 0.30
ALT (IU/L) 0.00 (—0.03 to 0.04) 0.85 —0.01 (—0.05 t0 0.02) 0.46
ALP (TU/L) 0.00 (—0.01 to 0.01) 0.99 0.00 (—0.01 t0 0.01) 0.76
Albumin (g/dL) 1.03 (—0.80 to 2.86) 027 —1.13 (—3.02100.77) 024

Table 2. Multivariate linear regression analysis of global methylation estimates. “Unconditional logistic
regression analysis, adjusted for age, gender, liver stiffness, total bilirubin (TB), aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), and albumin; P-value < 0.05 indicates
statistical significance.

induced by oxidative DNA damage, we evaluated associations between methylation of Alu or LINE-1, plasma
8-OHJG, and telomere maintenance. A significantly negative association between Alu methylation and plasma
8-OHdG was observed in BA patients (r=—0.52, P < 0.0001). Moreover, LINE-1 methylation was inversely cor-
related with plasma 8-OHdG in BA patients (r= —0.48, P < 0.0001), as represented in Fig. 4A. To better under-
stand the relationship between global methylation and oxidative DNA damage, we also separately evaluated BA
patients with global hypomethylation or hypermethylation. Mean plasma 8-OHdG concentrations in BA patients
with Alu hypomethylation were remarkably higher than both patients with Alu hypermethylation and healthy
controls (P=0.0026 and P < 0.0001, respectively) (Fig. 4B). Patients with LINE-1 hypomethylation had con-
sistently significantly higher plasma 8-OHdG concentrations than patients with hypermethylation of LINE-1
elements and unaffected controls (P=0.0011 and P < 0.0001, respectively) (Fig. 4C).

We further examined correlations between changes in Alu or LINE-1 methylation and telomere length in
BA patients and observed a weak positive correlation between Alu methylation and telomere length (r=10.24,
P=0.012). Correspondingly, LINE-1 methylation levels were positively associated with telomere length (r=0.64,
P <0.0001) (Fig. 4D). We also compared relative telomere length in BA patients with Alu or LINE-1 hypometh-
ylation and hypermethylation. Subsequent analysis showed that BA patients with LINE-1 hypomethylation had
significantly shorter telomere length than those with LINE-1 hypermethylation and healthy controls (P < 0.0001).
This effect did not vary in comparison between patients with Alu hypomethylation and hypermethylation
(Fig. 4E,F).
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Figure 3. Plasma 8-hydroxy-2’-deoxyguanosine levels of subjects among groups. (A) plasma 8-OHdG levels
in BA patients and healthy controls; (B) BA patients with and without jaundice; (C) BA subgroups, including
mild fibrosis (FO-F2) and severe fibrosis (F3-F4); (D) early-stage or late-stage of hepatic dysfunction in BA
patients based on AST value.

Discussion

This study investigated the effectiveness of repetitive elements methylation in peripheral blood leukocytes as a
proxy for global methylation in postoperative BA patients. We found that Alu and LINE-1 elements were robustly
hypomethylated in BA patients, as compared to healthy controls. Reduction of both Alu and LINE-1 methylation
levels was also associated with increased risk of BA. Importantly, LINE-1 methylation was associated with poor
outcomes in BA patients. Moreover, Alu and LINE-1 methylation levels were significantly related with oxidative
DNA damage and relative telomere length. These findings support the notion that there exists epigenetic mecha-
nism associated with genomic instability in the pathogenesis of BA.

Methylation of retrotransposable elements has been shown to be associated with global genomic methylation.
Hypomethylation in these elements may increase their activity as retrotransposon sequences, resulting in genomic
alterations and more mutations by several different mechanisms®. To our knowledge, this is the first study to explore
relationships between Alu or LINE-1 methylation, oxidative DNA damage, telomere length, and hepatic dysfunction
in BA patients. Here, we report hypomethylation of both Alu and LINE-1 elements in BA patients, which was sup-
ported by decreased Alu methylation levels in two BA patients compared to those in their respective monozygotic
twin sisters. In accord with our findings, Alu hypomethylation has been observed in post-menopausal women with
osteoporosis'® and patients with glioma cancer!!. Furthermore, LINE-1 methylation has been reported in hepatocel-
lular carcinoma patients'>"*. It is well known that LINE-1 elements encode enzymes that allow them to replicate and
insert themselves into different genomic regions, altering transcription and translation into functional proteins*?2.
Transcription of LINE-1 elements has been shown to contribute to transcriptional regulation of human development
genes and cell differentiation®**. Our observation regarding association of LINE-1 methylation with poor outcome
in BA patients supports prior evidence that epigenetic modifications play important roles in BA etiology®.
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Figure 4. Relationships between global methylation, 8-hydroxy-2/-deoxyguanosine, and telomere length in
BA. (A) negative correlations between Alu or LINE-1 methylation and 8-OHdG; (B) plasma 8-OHdG levels in
BA patients with hypo- and hypermethylated status of Alu elements; (C) plasma 8-OHdG levels in BA patients
with hypo- and hypermethylated status of LINE-1 elements; (D) positive associations between Alu or LINE-1
methylation and telomere length; (E) relative telomere length in BA patients with hypo- and hypermethylated
status of Alu elements; (F) relative telomere length in BA patients with hypo- and hypermethylated status of
LINE-1 elements.
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The current study showed that plasma 8-OHdG concentrations were significantly higher in BA patients than
in controls. Consistent with this finding, previous study demonstrated that 8-OHdG, oxidative stress marker,
was highly expressed in liver tissues of BA patients®. Tiao et al. also reported that hepatic 8-OHdG expression
in early-stage BA patients was substantially greater than in patients with choledochal cyst?’. Subsequent analysis
revealed elevation of plasma 8-OHdG in BA patients with both Alu and LINE-1 hypomethylation. Furthermore,
Alu and LINE-1 methylation levels were inversely correlated with plasma 8-OHdG levels in BA patients.

Previous investigation has documented the role of global DNA methylation in the variability of telomere
length?®. Telomeres are repeated DNA sequences of TTAGGG and an associated protein complex at chromo-
some ends that are essential for maintaining chromosome integrity®®. With each cell division, telomeres shorten
due to the inability of DNA polymerases to replicate the ends of linear molecules and also due to nucleolytic
degradation, oxidative DNA damage, and inflammation®. Our recent study has provided evidence for telomere
shortening in age-associated biliary atresia®'; however, this causal relation remains largely unknown. Epigenetic
mechanism also appears to be an important component of telomere length regulation. Importantly, DNA hypo-
methylation, especially in subtelomeric DNA repeats, was associated with telomere shortening that may result
from mutation in the DNA methyltransferase 3b gene®, suggesting a regulatory role of DNA methylation on
telomere length. In this study, we showed positive correlations between Alu and LINE-1 methylation with tel-
omere length in BA patients. In agreement with these findings, LINE-1 methylation was positively associated
with telomere length in dyskeratosis congenital®>. Wong et al. recently reported positive relationships between
both Alu and LINE-1 methylation levels and telomere length®%. Notably, we found that BA patients with LINE-1
hypomethylation had significantly shorter telomere length than those with LINE-1 hypermethylation. Given
their sequence contexts, LINE-1 elements comprise a greater number of bases in subtelomeric regions across the
genome than do Alu elements®.

The limitation of this study should be considered. First, measurement of global methylation was performed
with DNA from peripheral blood leukocytes, which may not reflect methylation levels in tissue-specific liver
cells; however, global methylation in leukocyte DNA has been shown to be associated with BA development®.
Second, white blood cell differentials were not measured in the present study. Peripheral blood leukocytes con-
tain a heterogeneous mixture of cell types, each cell population contributing its own unique methylation and
telomere length to the final analysis. Therefore, further studies on differential analyses of white blood cells will
be necessary in order to validate that apparent differences in global methylation and/or telomere length are not
in fact differences in leukocyte cell type composition. Additionally, because the subjects in this study are from
hospital-based participants rather than the general population, there might be some risk of selection bias if they
had any differences in terms of the studied exposures. Moreover, the timing of blood draws varied with respect
to time since diagnosis and treatment, which introduces uncertainty regarding correlations between clinical out-
comes and Alu hypomethylation. Thus, the associations identified in leukocyte DNA may represent either causal,
consequential or coincidental relationships. Longitudinal or prospective cohort studies will be needed to verify
the risk-effect of global hypomethylation on BA susceptibility. Furthermore, DNA methylation level estimations
may be confounded by other factors such as environmental exposures, parental smoking, socioeconomic status,
ethnicity, body mass index, and lifestyle habits. Unfortunately, such information would be unavailable due to
limitations of records accessibility. Therefore, residual confounding might still exist. To address these challenges,
future studies should collect prospective measurements of these data to preclude bias and reverse causation.
Lastly, sample size of BA subgroups was relatively small. This factor diminished the power of statistics, resulting
in a failure to observe significant differences of Alu methylation among BA subgroups. Larger studies with various
ethnic groups/races are warranted to evaluate the differences between subgroups.

To sum up, this study reported that, independent of risk factors, hypomethylation of retrotransposable DNA
elements in peripheral blood leukocytes was associated with shorter telomeres, elevated oxidative DNA dam-
age, and a higher risk of BA. Accordingly, hypomethylation of retrotransposable DNA elements in peripheral
blood leukocytes may serve as a potential biomarker for BA susceptibility. Examinations to elucidate whether
genome-wide methylation in peripheral blood reflects epigenetic changes in liver tissue will be essential to elicit
and identify the role of epigenetics in BA. Future research in both gene-specific methylation and potential under-
lying mechanisms related to retrotransposon methylation will help to elucidate the effect of epigenetic alterations
in BA etiology, potentially yielding new diagnostic and therapeutic approaches in BA.

Methods

Study participants. The study protocol conformed to the ethical standards outlined in the Declaration of
Helsinki and was approved by the Institutional Review Board (IRB) of the Faculty of Medicine, Chulalongkorn
University. All participants, parents, or legal guardians were fully informed regarding the study protocol and
procedures prior to participating in the study. Written informed consent was obtained from all patients and from
parents or legal guardians of patients younger than 18 years of age.

This case-control study consisted of 114 BA patients and 114 age-matched unaffected volunteers with no under-
lying liver disease. All BA patients were diagnosed by intraoperative cholangiography and were surgically treated
with Kasai portoenterostomy. Healthy controls who participated in an evaluation of hepatitis B vaccine and attended
the Well Baby Clinic at King Chulalongkorn Memorial Hospital for vaccination had normal physical findings
and no underlying disease. In addition, two pairs of monozygotic girl twins with BA discordance were enrolled
in this study. We classified BA patients according to serum total bilirubin (TB) into either the non-jaundice group
(TB <2mg/dL; n="77) or the persistent jaundice group (TB > 2mg/dL; n=37). BA patients were stratified according
to severity of liver fibrosis into either the mild fibrosis group (FO-F2: 0-9.7kPa; n = 32) or the severe fibrosis group
(F3-F4: >9.7kPa; n=_82). Based on severity of hepatic dysfunction [aspartate aminotransferase (AST) value], BA
patients were also categorized as either early-stage (AST < 100 IU/L; n = 56) or late-stage (AST > 100 IU/L; n=58).
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Blood samples from participants were collected in ethylenediaminetetraacetic acid (EDTA) tubes to facilitate
isolation of plasma and leukocytes and were then stored at —80 °C until analysis.

Clinical assessments of outcomes.  All liver function analyses, including TB, AST, alanine aminotrans-
ferase (ALT), alkaline phosphatase (ALP), and albumin were performed on a Roche Hitachi 912 chemistry
analyzer (Roche Diagnostics, Basel, Switzerland). Measurement of liver stiffness by transient elastography
was performed using a Fibroscan (EchoSens, Paris, France). Briefly, assessments were performed by placing a
Fibroscan transducer probe on the intercostal space at the area of the right lobe of the liver. Measurements were
then performed until 10 validated results were obtained with a success rate of at least 80%. The median value of
10 validated scores represented the elastic modulus measurement of the liver, which was expressed in kilopascals
(kPa).

Aluand LINE-1 methylation analysis. Genomic DNA was extracted from peripheral blood leukocytes using
GE Healthcare DNA Purification Kit (Buckinghamshire, UK). Extracted DNA (50 ng; concentration: 2.5ng/pL)
was treated by EZ DNA Methylation Gold Kit (Zymo Research, Orange, CA, USA), according to manufacturer’s
protocol.

DNA methylation was quantitated by qCOBRA using previously described primers and conditions®’.
Primers used for COBRA Alu and COBRA LINE-1 amplifications were, as follows: Alu forward primer 5’
-GGRGRGGTGGTTTARGTTTGTAA-3’; Alu reverse primer 5'-CTAACTTTTTATATTTTTAATAAAAA
CRAAATTTCACCA-3'; LINE-1 forward primer 5-GTTAAAGAAAGGGGTGAYGGT-3; and, LINE-1 reverse
primer 5'-AATACRCCRTTTCTTAAACCRATCTA-3. Both PCRs were functioned in a final volume of 10 pL,
containing 2.5 ng of bisulfite-treated DNA, 10X PCR bufter, 25 mM MgCl,, 200 mM dNTPs, 20 uM primers, and
0.5U Taq DNA polymerase (HotStar, Qiagen, Valencia, CA, USA). PCR cycling conditions started with a 95°C
incubation for 15 min, followed by 40 cycles of 95 °C for 45 sec, then 57 °C (for Alu) or 55°C (for LINE-1) for
45 sec and 72 °C for 45 sec, and finally 72 °C for 7 min. After PCR amplification, Alu amplicons (133 bp) were sub-
sequently digested with 2 U Taql in Tagl buffer (MBI Fermentas, Burlington, Canada), while LINE-1 amplicons
(92bp) were digested with 2U TaqI and 8 U TasI in NEBuffer 3 (New England Biolabs, Ontario, Canada). Both
digestion reactions were incubated at 65 °C overnight, followed by separation on an 8% non-denaturing poly-
acrylamide gel. Gels were then stained with ethidium bromide and band intensities were analyzed by Molecular
Imager Gel Doc using Image Lab Software (Bio-Rad, Begoniastraat, Belgium).

Both qCOBRA Alu and qCOBRA LINE-1 were stratified into four patterns depending on methylation sta-
tus of two CpG dinucleotides, as follows: hypermethylation (™C™C), partial methylation (*C“C and “*C™C), and
hypomethylation (*C"C). Methylation levels and patterns of both Alu and LINE-1 were measured to determine
the precise percentage of methylated CpG dinucleotides. For Alu methylation analysis, we measured the per-
centage of Alu methylation levels and patterns in each group based on the intensity of the COBRA-digested
Alu products. DNA fragments derived from enzymatic digestion of COBRA-Alu products were divided into
six fragments of 133, 90, 75, 58, 43, and 32 bp, which represented different methylation states. Percentage of
each methylation pattern was estimated, as follows: A = intensity of the 133 bp fragment divided by 133;
B =intensity of the 58 bp fragment divided by 58; C = intensity of the 75bp fragment divided by 75; D =inten-
sity of the 90 bp fragment divided by 90; E = intensity of the 43 bp fragment divided by 43; and, F = intensity
of the 32 bp fragment divided by 32. The percentage of each Alu element methylation pattern was then calcu-
lated, as follows: percentage of Alu methylation level (%™C) =100 x (E+B)/(2A + E+ B+ C+ D); percent-
age of hypermethylated loci (%™C™C) =100 x F/(A + C+ D + F); percentage of both partially methylated loci
(%"C™C) =100 x C/(A+C+D+F); (%™C"C) =100 x D/(A+ C+ D + F); and, percentage of hypomethylated
loci (%"C"C) =100 x A/(A+C+D+F).

For LINE-1 methylation analysis, DNA fragments from enzymatic digestion for qCOBRA LINE-1 were sep-
arated into five fragments: 92 bp, 60 bp, 50 bp, 42 bp, and 32bp. The number of CpG dinucleotides was deter-
mined by dividing each band intensity by the length (bp) of the double-stranded DNA fragment, as follows:
A =92bp fragment intensity/92; B=60bp fragment intensity/56; C = 50 bp fragment intensity/48; D =42bp
fragment intensity/40; E = 32 bp fragment intensity/28; and, F=[(D + E) — (B — C)]/2. LINE-1 methylation lev-
els were calculated using the number of CpG dinucleotides according to the following formulas: LINE-1 meth-
ylation level percentage (%™C) =100 x (A+ 2C+ F)/(2A + 2B + 2C + 2F); hypermethylated loci percentage
(%™C™C) =100 x (C/2)/[(C/2) + A+ B+ F]; both of partially methylated loci percentage (%"C™C) =100 x F/
[(C/2)+ A+ B+ F); (%™C"C) =100 x A/[(C/2) + A+ B+ F); and, hypomethylated loci percentage
(%“C"C) =100 x B/[(C/2) + A + B+ F]. DNA samples from HeLa, Jurkat, and Daudi cell lines were used as pos-
itive controls to normalize inter-assay variations in all experiments.

Quantitation of 8-hydroxy-2’deoxyguanosine. Plasma 8-OHdG levels were quantitatively determined
from venous blood samples using a commercial sandwich enzyme-linked immunosorbent assay (ELISA) kit
(Trevigen, Gaithersburg, MD, USA), according to manufacturer’ instructions. Antibodies specific to 8-OHdG
generated by the entire immunogen were utilized. Twofold serial dilutions of 8-OHdG standard with a concen-
tration of 0.89-56.7 ng/mL were used as standards. Intra-assay and inter-assay precision were less than 10% and
15%, respectively. The sensitivity of this assay was 0.57 ng/mL.

Telomere length measurement. Telomere length in genomic DNA was estimated by applying a quanti-
tative real-time polymerase chain reaction (PCR) method originally described by Cawthon?®. Briefly, PCRs were
performed using StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) with SYBR
Green fluorescence (RBC Bioscience, Taipei, Taiwan). Relative telomere length was measured according to the
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ratio of the telomere repeat copy number (T) to the single-copy gene copy number (S) in each given sample. In
each sample, the quantity of telomere repeats and the quantity of single-copy genes were normalized to a refer-
ence DNA sample (from a single individual).

Statistical analysis. All statistical analyses were performed using SPSS Statistics version 22.0 (SPSS, Inc.,
Chicago, IL, USA). Statistical significance between clinical parameters of healthy controls and BA groups was
determined by Student’s ¢-test. Kolmogorov-Smirnov test and quantile-quantile (q-q) plot were used to eval-
uate Alu and LINE-1 methylation levels for normal distribution. Given that Alu and LINE-1 methylation lev-
els were found not to be normally distributed, significance of changes in these methylations was calculated by
Mann-Whitney U test or Kruskal-Wallis H test for continuous variables. Unconditional logistic regression models
were used to estimate associations between methylation of Alu or LINE-1 and BA risk using odds ratio (OR) and
95% confidence interval (CI), with adjustments for confounding factors including age and gender. We used linear
regression models to evaluate potential predictors of Alu or LINE-1 methylation levels as continuous variables.
Spearman’s rank correlation coefficient test was used to estimate relationships between global methylation, tel-
omere length, and circulating 8-OHdG levels. Data were expressed as mean = standard error of the mean (SEM).
All statistical tests were based on two-tailed probability, with P-values less than 0.05 considered statistically
significant.
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Abstract

Objective

Biliary atresia (BA) is a progressive fibroinflammatory liver disease. Autotaxin (ATX) has a
profibrotic effect resulting from lysophosphatidic acid activity. The purpose of this study was
to examine ATX expression and ATX promoter methylation in peripheral blood leukocytes
and liver tissues from BA patients and controls and investigate their associations with out-
come parameters in BA patients.

Methods

A total of 130 subjects (65 BA patients and 65 age-matched controls) were enrolled. DNA
was extracted from circulating leukocytes and liver tissues of BA patients and from and age-
matched controls. ATX promoter methylation status was determined by bisulfite pyrose-
quencing. ATX expression was analyzed using quantitative real-time polymerase chain
reaction and enzyme-linked immunosorbent assay.

Results

Decreased methylation of specific CpGs were observed at the ATX promoter in BA patients.
Subsequent analysis revealed that BA patients with advanced stage had lower methylation
levels of ATX promoter than those with early stage. ATX promoter methylation levels were
found to be associated with hepatic dysfunction in BA. In addition, ATX expression was sig-
nificantly elevated and correlated with a decrease in ATX promoter methylation in BA
patients compared to the controls. Furthermore, promoter hypomethylation and overexpres-
sion of ATX were inversely associated with jaundice status, hepatic dysfunction, and liver
stiffness in BA patients.
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Conclusion

Accordingly, it has been hypothesized that ATX promoter methylation and ATX expres-
sion in peripheral blood may serve as possible biomarkers reflecting the progression of
liver fibrosis in postoperative BA. These findings suggest that the promoter hypomethyla-
tion and overexpression of ATX might play a contributory role in the pathogenesis of liver
fibrosis in BA.

Introduction

Biliary atresia (BA) is a devastating cholestatic liver disorder of uncertain etiology in neonates
and manifests as impaired liver function and fibroinflammatory obliterative cholangiopathy of
both the intrahepatic and extrahepatic bile ducts [1]. BA patients initially develop neonatal
jaundice due to hepatic cholestasis and progress to liver fibrosis, which leads to cirrhosis [2].
Since no medical therapies exist, sequential treatment by surgical hepatoportoenterostomy or
Kasai procedure and liver transplantation is the only option for therapy in most affected chil-
dren due to complications of cirrhosis [3]. Although the precise pathogenesis of BA has yet to
be determined, multiple theories exist regarding the etiology of BA, including viral infection,
inflammation, bile duct proliferation, and fibrogenesis [4].

Autotaxin (ATX), a secreted glycoprotein, belongs to the ectonucleotide pyrophosphatase/
phosphodiesterase (ENPP) enzyme family. ATX exhibits a unique lysophospholipase D (LPD)
activity, converting lysophosphatidylcholine (LPC) to lysophosphatidic acid (LPA) [5]. LPA
acts via activation of at least six different G-protein-coupled receptors to influence a number
of biological processes [6]. Both ATX and LPA are considered to be involved in the develop-
ment of liver fibrosis and elevated serum ATX was associated with liver fibrosis in cirrhotic
patients and hepatocellular carcinoma (HCC) patients [7, 8]. LPA can induce hepatic stellate
cell (HSC) proliferation, stimulate their contraction, and inhibit their apoptosis [9]. Liver
fibrosis is the excessive accumulation of extracellular matrix (ECM) proteins that occurs in
most types of chronic liver diseases. HSCs were recognized as the main matrix-producing cells
in the liver. In continuously injured livers, HSCs are activated and transdifferentiate into myo-
fibroblasts, resulting in the production of abundant extracellular matrices and profibrogenic
cytokines including ATX-mediated LPA. Serum ATX has been proposed as a marker for liver
fibrosis [10]. Recent studies have also suggested a connection between liver fibrosis and circu-
lating LPA, and serum ATX was elevated in chronic hepatitis C patients [11, 12]. Importantly,
the ATX-LPA axis has been shown to be upregulated in human HCC, suggesting that ATX
possibly plays an important role in inflammation-related liver fibrogenesis [13, 14]. Given that
elevated ATX levels contribute to the pathogenesis of liver fibrosis in BA, we hypothesized that
the hypomethylation of the ATX promoter region could upregulate ATX expression in BA
patients.

It has been demonstrated that there is a possible link between epigenetic regulation and the
etiologic mechanism of intrahepatic bile duct defects in BA [15]. Methylation of cytosine-gua-
nine dinucleotide (CpG) residues catalysed by DNA methyltransferases (DNMTs) within the
promoter and enhancer regions leads to suppression of gene expression and DNA methylation
alterations can be elicited by viruses and genetic defects [16-18]. DNA hypomethylation may
result in the development of several autoimmune disorders, such as systemic lupus erythema-
tosus and rheumatoid arthritis [19, 20]. Recent evidence indicates that alterations to epigenetic
DNA methylation patterns contribute to the pathogenesis of BA. The hypermethylation of
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promoter regulatory elements contributes to the lower CD11a expression in T lymphocytes of
BA patients [21]. However, the hypomethylation of the interferon gamma (IFN-y) gene pro-
moter may be responsible for increased IFN-y expression in BA infants [22]. These findings
suggest the significance of aberrant DNA methylation in the development of BA.

Until now, there have been no reports regarding the role of ATX promoter methylation and
expression in BA patients. We recently reported that elevated serum ATX was significantly
associated with hepatic dysfunction and severity in BA patients [23]. The purpose of this study
was to investigate promoter methylation status and expression of ATX in peripheral blood leu-
kocytes and liver tissues from BA patients compared with controls. We also explored whether
ATX promoter methylation and expression were associated with the clinical parameters of BA
patients.

Materials and Methods

Study population

The study protocol was approved by the Institutional Review Board of the Faculty of Medicine,
Chulalongkorn University (IRB number 279/57). This study was conducted in accordance
with the ethical standards outlined in the 1975 Declaration of Helsinki. All participants,
parents, or legal guardians were fully informed regarding the study protocol and procedures
prior to participating in the study. Written informed consent was obtained from all patients
and from parents or legal guardians of patients younger than 18 years of age.

This cross-sectional study evaluated 65 BA patients, 65 age-matched unaffected volunteers.
BA patients were diagnosed by intra-operational cholangiography and were surgically treated
with Kasai portoenterostomy at King Chulalongkorn Memorial Hospital, Bangkok, Thailand.
Patients who had undergone liver transplantation were excluded. Unaffected volunteers who
attended the Well Baby Clinic at King Chulalongkorn Hospital for vaccination who had nor-
mal physical findings and no underlying diseases were included. We stratified BA patients
according to liver stiffness values into two groups: non-fibrotic BA (<9.7 kPa, n = 22) and
fibrotic BA (>9.7 kPa, n = 43). We also classified BA patients according to serum total biliru-
bin (TB) into either the non-jaundice group (TB<2 mg/dl, n = 41) or the persistent jaundice
group (TB>2 mg/dl, n = 24). Based on the severity of hepatic injury (aspartate aminotransfer-
ase, AST value), BA patients were divided into either the early-stage group (AST <100 IU/I,

n = 36) or late-stage group (AST>100 IU/], n = 29).

Liver tissue samples

Liver tissue samples of 15 BA patients (8 females and 7 males; age range 1-4 months; mean 66
days) who underwent Kasai operations and 5 non-BA patients who underwent liver biopsies
with no signs of fibrosis were obtained at the Department of Surgery, King Chulalongkorn
Memorial Hospital, between 2001 and 2006. The non-BA patients who had no clinical jaun-
dice, served as controls. All non-BA patients underwent exploratory laparotomy as the thera-
peutic treatment for their diseases. Liver biopsies in this group of patients were an additional
procedure and were required for medical reasons. All samples were obtained with the families’
consent.

Assessment of clinical outcome

Venous blood samples were drawn from each subject in ethylenediaminetetraacetic acid
and clot blood tubes for routine laboratory tests, including TB, AST, alanine aminotransfer-
ase (ALT), alkaline phosphatase (ALP), and albumin. All of the immediately
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aforementioned tests were performed on a Roche Hitachi 912 Chemistry Analyzer (Roche
Diagnostics, Basel, Switzerland). Assessment of liver stiffness by transient elastography was
performed using a Fibroscan (EchoSens, Paris, France). Briefly, measurements were per-
formed by placing the Fibroscan transducer probe on the intercostal space at the area of the
right lobe of the liver. Measurements were then performed until 10 validated results were
obtained with a success rate of at least 80%. The median value from 10 validated scores rep-
resented the elastic modulus measurement of the liver, which was expressed in kilopascals
(kPa).

Bisulfite pyrosequencing of ATX promoter

Genomic DNA was isolated from peripheral blood leukocytes and liver tissue samples using
DNA isolation kits (GE Healthcare, Buckinghamshire, UK and Vivantis, Selangor Darul
Ehsan, Malaysia, respectively). Our assay was designed to examine methylation levels at
four CpG sites within the ATX promoter. Quantitative DNA methylation analysis of each
CpG was measured on bisulfite-treated DNA using highly quantitative analysis based on
polymerase chain reaction (PCR) pyrosequencing. Briefly, extracted DNA (50 ng; concen-
tration: 2.5 ng/pl) was bisulfite converted using an EZ DNA Methylation-Gold™ Kit (Zymo
Research Corporation, Orange, CA, USA). Each 30 ul PCR reaction contained 10X PCR
buffer, 200 mM dNTPs, 0.2 mM primers, 0.5 U HotStar Taq DNA polymerase (Qiagen, Inc.,
San Diego, CA, USA), and 5 ng of bisulfite-treated DNA. The polymerase was activated by
incubation at 95°C for 15 min, followed by 40 cycles of 95°C for 1 min, 56°C for 1 min, and
72°C for 1 min. The reaction was then allowed to develop for 7 min at 72°C. The primers
used to measure ATX promoter methylation were as follows: forward primer 5’ ~-TAGGT
ATTGTAGGGGGTGGGAA-3" ;reverse primer biotinylated-5’ ~ACCTTTAACAAAACACA
CACATAACC-3’;and, sequencing primer 5’ ~GGGTGGGAATGTGGA-3'. PCR products
(20 ul) were purified and analyzed in the PyroMark MA System (Pyrosequencing, Inc.,
Westborough, MA, USA) and methylation data from the amplified regions were analyzed
by Pyro Q-CpG software 1.0.6. The degree of methylation was expressed for each CpG site
as a percent of methylated cytosine.

Quantitative real-time polymerase chain reaction (QPCR)

To evaluate mRNA expression of ATX in BA patients and controls using real-time PCR, total
RNA from peripheral blood leukocytes and liver tissue samples was extracted by Trizol (Invi-
trogen, Carlsbad, CA, USA), with cDNA reverse transcribed by a Roche Transcriptor cDNA
synthesis kit (Roche, Branchburg, NJ, USA). Real-time PCR was performed using QPCR
Green Mastermix HRox (biotechrabbit GmbH, Hennigsdorf, Germany) on a StepOnePlus
Real Time PCR system (Applied Biosystems, Inc., Foster City, CA, USA). The primers used
for ATX, DNA methyltransferase 1 (DNMT1), and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) amplification were as follows: ATX forward primer 5’ ~-CGTGGCTGGGAGT
GTACTAA-3';ATX reverse primer 5’ AGAGTGTGTGCCACAAGACC-3",as previously
described [8]; DNMTI forward primer 5’ - CAGGCCCAATGAGACTGACA-3’,and DNMT1
reverse primer 5’ - GTGGGTGTTCTCAGGCCTGTAG-3" ; GAPDH forward primer 5 -
GTGAAGGTCGGAGTCAACGG-3',and GAPDH reverse primer 5’ ~-TCAATGAAGGGGTC
ATTGATGG-3’.The real-time PCR conditions were performed as follows: (initial step)
95°C for 10 min, followed by 40 cycles of 95°C for 15 sec, and then 60°C for 1 min. The rela-
tive mRNA expression of ATX and DNMT]I was normalized to GAPDH as an internal con-
trol and was determined using the 2"**“* method.
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Enzyme-linked immunosorbent assay (ELISA)

Total protein from liver tissue was extracted by a RIPA assay (Cell Signaling Technology, Inc.,
Danvers, MA, USA), which contained a protease inhibitor (Merck Millipore, Darmstadt, Ger-
many). Serum and protein lysate ATX concentrations were determined using a commercially

available sandwich enzyme-linked immunosorbent assay development kit (R&D Systems, Inc.,

Minneapolis, MN, USA).

Statistical analysis

All statistical analyses were performed using SPSS version 22.0 (SPSS, Inc., Chicago, IL, USA).
The statistical significance between demographic data of patients and controls was compared

by unpaired Student’s ¢-test. Given that ATX promoter methylation data were not normally
distributed, nonparametric tests were applied as follows: Mann-Whitney U test for comparing
DNA methylation levels between groups and Kruskal-Wallis H test for continuous variables.
The association of methylation changes as well as ATX expression and clinical parameters
were detected using multivariate linear regression analysis. Correlations between DNA meth-
ylation, mRNA expression, protein concentration, and clinical parameters were evaluated

using Spearman’s correlation coefficient (r). Receiver operating characteristic (ROC) curve
and the area under the ROC curve (AUC) were calculated to assess the feasibility of using ATX
methylation status as a possible parameter in discriminating BA patients from controls. Data
were shown as a mean#standard error of the mean. P-values less than 0.05 were considered

statistically significant for all analyses.

Results
Characteristics of study participants

The baseline clinical characteristics of study participants are summarized in Table 1. A total of
130 subjects (65 BA patients and 65 age-matched healthy controls) were recruited in the cur-
rent study. There were no significant differences in age or gender between BA patients and
healthy controls. As expected, clinical parameters, including liver stiffness values, AST, and
ALT were significantly higher in BA patients than those in controls (P<0.0001).

Table 1. Clinical characteristics of study participants.

Clinical characteristics BA patients (n = 65) Healthy controls (n = 65) P-value
Age (years) 8.55+0.52 8.27+0.69 0.92
Gender (female:male) 35:30 32:33 0.87
Liver stiffness (kPa) 25.30+2.71 4.01+0.19 <0.0001*
TB (mg/dl) 2.10£0.41 - NA

AST (1UN) 105.07+8.94 26.66+0.82 <0.0001*
ALT (1U/1) 93.97+9.19 9.24+0.65 <0.0001*
ALP (1UN) 368.17+27.61 - NA
Albumin (mg/dl) 4.24+0.10 - NA

Data are presented as mean +* standard error of the mean, unless otherwise specified
*Differences in descriptive data are considered significant at P-value less than 0.05 (two-tailed)

Abbreviations: BA = biliary atresia; TB = total bilirubin; AST = aspartate aminotransferase; ALT = alanine aminotransferase; ALP = Alkaline phosphatase;

NA = not available

doi:10.1371/journal.pone.0169306.t001
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A

Healthy controls

BA patients

ATX promoter hypomethylation in peripheral blood leukocytes

To explore promoter methylation of ATX in BA, we first verified promoter methylation in
peripheral blood leukocytes in BA patients and unaffected volunteers. Fig 1 illustrates a

1 2 3 4

TGGCGGCGCTGGACGCCCCGTCTTCAGCCTCC

PROMOTER EXON [l Ri;le). ATX gene

CpGisland

Fig 1. DNA methylation at four CpG islands within ATX gene promoter. (A) Schematic diagram representing CpG islands at the ATX promoter
showing the four CpG sites. (B) Pyrosequencing results in healthy controls and BA patients.

doi:10.1371/journal.pone.0169306.9001
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Fig 2. Box-plot illustrating methylation levels of the ATX promoter in peripheral blood leukocytes of subjects among different groups. (A)
Methylation levels of the ATX promoter at four CpG sites in BA patients and healthy controls. (B) Methylation levels of ATX promoter at four CpG sites
in BA subgroups, including mild fibrosis (FO-F2) and severe fibrosis (F3-F4). (C) Methylation levels of the ATX promoter at four CpG sites in patients
with and without jaundice. (D) Methylation levels of ATX promoter at four CpG sites in BA patients according to severity of hepatic damage (AST
values). * P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs control group and #P<0.05, *#P<0.01, ##P<0.001, #*##P<0.0001 for comparisons
between BA subgroups.

doi:10.1371/journal.pone.0169306.9002

schematic representation of four CpG sites within the ATX gene promoter region. Overall,
methylation levels at the ATX promoter were significantly lower in the BA group than healthy
controls (P<0.0001). Similarly, BA patients demonstrated significantly reduced methylation
levels when compared to healthy controls across four CpG sites, as follows: CpG 1: P = 0.0029,
CpG 2: P=0.0005, CpG 3: P=0.0057, and CpG 4: P<0.0001 (Fig 2A).

In analyses stratified by disease severity, we classified BA patients according to fibrosis,
jaundice status, and hepatic dysfunction marker (AST value) (Table 2). Overall, decreased
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Table 2. Characteristics of biliary atresia patients among different groups according to fibrosis stage, jaundice status, and AST value.
BA patients (n = 65)

Mild
fibrosis
(FO-F2,
n=22)
Age (years) 8.30+0.81

Gender (female: | 14:8
male)

Liver stiffness 7.03+0.33
(kPa)

TB (mg/dl) 0.40+0.04
AST (1U/1) 43.05+5.95
ALT (U 44.40+7.24
ALP (1U/1) 194.35
+25.88

Albumin (g/dl) | 4.41£0.27

Severe
fibrosis

(F3-Fa,
n=43)

8.63+0.65
21:22

35.18+3.28

2.92+0.56
137.40+9.9

119.31
+11.25

460.49
+31.10

4.16+0.09

P-value |Non-jaundice Jaundice P-value |Low AST High AST P-value
(TB<2 mg/dlI, (TB>2 mg/dl, (<100 1U/1, (>1001U/,
n=41) n=24) n =36) n =29)
0.77 8.19+0.60 9.25+4.30 0.34 8.35+0.73 8.72+0.71 0.72
0.11 23:18 12:12 0.79 20:16 15:14 0.81
<0.0001* | 14.70+1.50 51.89+4.54 <0.0001* | 14.12+2.16 40.64+4.19 <0.0001*
<0.0001* | 0.62+0.070 5.47+0.95 <0.0001* | 0.64+0.11 3.89+0.77 <0.0001*
9 | <0.0001* | 79.09+9.70 170.05+8.93 <0.0001* | 51.12+4.01 174.7948.39 | <0.0001*
<0.0001* | 86.35+12.43 115.05+8.38 0.060 53.68+6.04 145.50+13.78 | <0.0001*

<0.0001* | 306.83+32.04 520.00+35.48 <0.0001* | 262.85+27.21 | 503.32+38.76 | <0.0001*

0.27 4.40+0.14 3.91+0.09 0.018* |4.48+0.16 3.98+0.10 0.011*

Data are presented as mean + standard error of the mean, unless otherwise specified
*Differences in descriptive data are considered significant at P-value less than 0.05 (two-tailed)
Abbreviations: BA = biliary atresia; TB = total bilirubin; AST = aspartate aminotransferase; ALT = alanine aminotransferase; ALP = Alkaline phosphatase;

NA = not available

doi:10.1371/journal.pone.0169306.t002

methylation levels of the ATX promoter were detected in advanced BA patients with fibrosis,
persistent jaundice, and late stage hepatic dysfunction as compared with those in early stage
(P =0.0003, P=0.0077, and P = 0.023, respectively) (Fig 2B-2D).

Additionally, we observed a negative correlation between ATX promoter methylation levels
and liver stiffness, TB, AST, and ALP (r =-0.43, P=0.001; r = -0.31, P = 0.015; r = -0.41,
P =0.001; and, r = -0.35, P = 0.006, respectively). There was a positive association between
ATX promoter methylation and serum albumin (r = 0.37, P = 0.009) (Table 3). For each of the
four CpG sites, methylation of the ATX promoter across the three CpG sites (CpG 1, CpG 2,
and CpG 3) was inversely correlated with liver stiffness, TB, AST, ALT, and ALP. ATX pro-
moter methylation levels were found to be positively associated with serum albumin. No rela-
tionship between ATX methylation at the CpG 4 residue and clinical outcome was observed in
BA patients (Table 3).

Overexpression of ATXmRNA in peripheral blood leukocytes

ATX mRNA expression in peripheral blood leukocytes was significantly elevated in BA
patients, as compared with healthy controls (P = 0.0096) (Fig 3A). When disease severity
was measured, advanced BA patients (severe fibrosis, jaundice, and a high AST value) had
significantly higher relative ATX mRNA expression than early stage BA patients with mild
fibrosis, non-jaundice, and a low AST value (P = 0.0056, P = 0.015, and P = 0.022, respec-
tively) and also healthy controls (P = 0.0003, P = 0.0003, and P = 0.0001, respectively) (Fig
3B-3D).

Subsequent analysis demonstrated positive relationships between the level of ATX mRNA
expression and clinical parameters including liver stiffness (r = 0.43, P = 0.001), TB (r = 0.49,
P<0.0001), AST (r=0.36, P = 0.005), ALT (r = 0.35, P = 0.006), and ALP (r = 0.47, P<0.0001)
of BA patients. However, there was no significant correlation between relative ATX expression
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Table 3. Correlations between methylation levels of CpG islands at the ATX promoter and clinical parameters in BA patients.

Clinical characteristics Spearman’s rho correlation CpG islands within the ATX promoter
Overall CpG 1 CpG2 CpG3 CpG4
Age (years) Coefficient (r) 0.08 0.11 0.13 -0.08 -0.02
P-value 0.52 0.38 0.30 0.52 0.85
Liver stiffness (kPa) Coefficient (r) -0.43 -0.50 -0.40 -0.35 -0.24
P-value 0.001* <0.0001* 0.001* 0.005* 0.060
TB (mg/dl) Coefficient (1) -0.31 -0.36 -0.30 -0.26 -0.18
P-value 0.015* 0.004* 0.020* 0.042* 0.16
AST (1UN) Coefficient (1) -0.41 -0.48 -0.40 -0.35 -0.25
P-value 0.001* <0.0001* 0.002* 0.006* 0.056
ALT (1U/1) Coefficient (1) -0.14 -0.22 -0.14 -0.14 0.02
P-value 0.29 0.085 0.30 0.30 0.88
ALP (1UN) Coefficient (1) -0.35 -0.41 -0.33 -0.26 -0.24
P-value 0.006* 0.001* 0.011* 0.049* 0.066
Albumin (mg/dl) Coefficient (1) 0.37 0.38 0.30 0.29 0.38
P-value 0.009* 0.007* 0.038* 0.040* 0.007*

*Correlation is considered statistically significant at P-value less than 0.05 (two-tailed)
Abbreviations: BA = biliary atresia; TB = total bilirubin; AST = aspartate aminotransferase; ALT = alanine aminotransferase; ALP = Alkaline phosphatase

doi:10.1371/journal.pone.0169306.t003

and albumin. We used linear regression to adjust these associations for confounding factors
and revealed that upregulation of ATX expression was found to be associated with the severity
of liver stiffness (B coefficient: 0.012, 95% CI: 0.004 to 0.021, P = 0.006), AST values (B coeffi-
cient: 0.04, 95% CI: 0.002 to 0.007, P = 0.002), and ALP values ( coefficient: 0.001, 95% CI:
0.000 to 0.002, P = 0.006) (Table 4).

Elevated serum ATX levels

The mean ATX concentration in BA patients was significantly higher than that in healthy con-
trols (P = 0.012), consistent with evidence from our recent study that serum ATX concentra-
tions were elevated in BA patients [23]. Furthermore, a positive association between relative
mRNA expression and serum ATX was observed in BA individuals (r = 0.44, P<0.0001).

Correlation between ATX methylation, its expression, and protein levels

We investigated associations between changes in DNA methylation, mRNA expression, and
circulating protein levels of ATX in BA. The relative ATX mRNA expression and serum ATX
were both inversely correlated with overall ATX methylation levels (r = -0.47, P<0.0001 and r
=-0.55, P<0.0001, respectively). Using linear regression model, we observed negative associa-
tions between ATX expression and overall ATX methylation level (B coefficient: -0.053, 95%
CI: -0.072 to -0.035, P<0.0001) and also each of the four CpG sites, as follows: CpG 1 (B coeffi-
cient: -0.032, 95% CI: -0.044 to -0.020, P<0.0001), CpG 2 (B coefficient: -0.050, 95% CI: -0.067
to -0.033, P<0.0001), CpG 3 (B coefficient: -0.049, 95% CI: -0.069 to -0.028, P<0.0001), and
CpG 4 (B coefficient: -0.043, 95% CI: -0.066 to -0.019, P = 0.001) (Table 3). Subsequent analysis
revealed that serum ATX levels were correlated with biochemical parameters in BA patients
(Table 5).
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Fig 3. ATXmRNA expression in peripheral blood leukocytes of subjects among different groups. (A) Relative ATXmRNA expression in BA
patients and healthy controls. (B) Relative ATX mRNA expression in BA patients with mild and severe fibrosis. (C) Relative ATX mRNA expression in
BA patients with and without jaundice. (D) Relative ATX mRNA expression in early and late stage of hepatic dysfunction in BA patients. Expression
was normalized using GAPDH as an internal control. Data are expressed as mean and standard deviation. * P<0.05, ** P<0.01, ***P<0.001 vs control
group and #P<0.05, #*P<0.01 for comparisons between BA subgroups.

doi:10.1371/journal.pone.0169306.9003

ATX promoter hypomethylation increased its expression in liver tissue
samples

To determine whether ATX promoter methylation in genomic DNA reflects epigenetic alter-
ations in liver tissues, we examined methylation levels of the ATX promoter in the liver sam-
ples of 15 BA patients, compared with those of 5 non-BA controls. The total methylation status
was significantly lower in BA livers than in control livers (P = 0.033), consistent with
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Table 4. Spearman’s correlation and multivariate linear regression analysis of ATX relative expression estimates.
Variables Relative mRNA expression (ATX/GAPDH)

Spearman’s rho correlation Linear regression?®

Coefficient (r) P-value B coefficient (95% CI) P-value

Age (years) 0.07 0.61 0.013 (-0.032 to 0.058) 0.57
Liver stiffness (kPa) 0.43 0.001* 0.012 (0.004 to 0.021) 0.006*
TB (mg/dl) 0.49 <0.0001* 0.15 (-0.025 to 0.094) 0.25
AST (1UN) 0.36 0.005* 0.04 (0.002 to 0.007) 0.002*
ALT (1U/1) 0.35 0.006* 0.02 (-0.001 to 0.005) 0.13
ALP (1UN) 0.47 <0.0001* 0.001 (0.000 to 0.002) 0.006*
Albumin (g/dI) -0.19 0.20 -0.033 (-0.33 10 0.26) 0.83
ATX methylation levels (%)

Overall -0.47 <0.0001* -0.053 (-0.072 to -0.035) <0.0001*

CpG 1 -0.48 <0.0001* -0.032 (-0.044 to -0.020) <0.0001*

CpG2 -0.52 <0.0001* -0.050 (-0.067 to -0.033) <0.0001*

CpG3 -0.32 0.011* -0.049 (-0.069 to -0.028) <0.0001*

CpG 4 -0.27 0.030* -0.043 (-0.066 to -0.019) 0.001*

*Correlation is considered statistically significant at P-value less than 0.05 (two-tailed).
3The coefficient is adjusted for age and gender.
Abbreviations: TB = total bilirubin; AST = aspartate aminotransferase; ALT = alanine aminotransferase; ALP = Alkaline phosphatase

doi:10.1371/journal.pone.0169306.t004

methylation levels in peripheral blood leukocytes. The three CpG sites at the ATX promoter
showed less methylation in BA livers, when compared to control livers (CpG 1: P = 0.033, CpG
2: P=0.045, and CpG 3: P = 0.047, respectively), but there were no significant differences in
methylation levels of the ATX promoter at CpG 4 in either group (Fig 4A).

Table 5. Spearman’s correlation and multivariate linear regression analysis of serum ATX level estimates.
Variables Serum ATX levels (ng/ml)

Spearman’s rho correlation Linear regression?

Coefficient (1) P-value B coefficient (95% CI) P-value

Age (years) -0.04 0.77 -6.43 (-36.85 to 23.99) 0.67
Liver stiffness (kPa) 0.71 <0.0001* 15.77 (11.13 10 20.42) <0.0001*
TB (mg/dl) 0.63 <0.0001* 83.18 (49.06 to 117.30) <0.0001*
AST (1UN) 0.77 <0.0001* 5.15(3.90 t0 6.39) <0.0001*
ALT (1U/1) 0.53 <0.0001* 3.15(1.54t04.75) <0.0001*
ALP (1UN) 0.68 <0.0001* 1.46 (1.00 to 1.93) <0.0001*
Albumin (g/dl) -0.68 <0.0001* -285.32 (-470.00 to -99.93) 0.003*
ATX methylation levels (%)

Overall -0.55 <0.0001* -33.80 (-46.42t0 -21.18) <0.0001*

CpG1 -0.61 <0.0001* -21.11 (-29.17 to -12.95) <0.0001*

CpG2 -0.46 <0.0001* -29.86 (-41.63 to -18.09) <0.0001*

CpG3 -0.34 0.006* -28.66 (-43.14t0 -14.18) <0.0001*

CpG4 -0.42 0.001* -28.64 (-44.38t0 -12.91) 0.0001*
Relative mRNA expression (ATX/GAPDH) 0.44 <0.0001* 288.60 (129.36 to 447.85) 0.001*

*Correlation is considered statistically significant at P-value less than 0.05 (two-tailed)
&The coefficient was adjusted for age and gender.
Abbreviations: TB = total bilirubin; AST = aspartate aminotransferase; ALT = alanine aminotransferase; ALP = Alkaline phosphatase

doi:10.1371/journal.pone.0169306.t005
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Fig 4. Distribution of the ATX promoter methylation, relative mRNA expression, and protein levels in liver tissue of BA patients and
controls. (A) Decreased methylation levels of the ATX promoter in BA liver tissue samples. (B) Higher mRNA expression of ATXin BA cases and
representative gel of ATX and GAPDH products from real-time PCR analysis. (C) Elevated ATX levels in liver tissue of BA patients. M, molecular
weight marker, and NC, negative control. * P<0.05 vs control group.

doi:10.1371/journal.pone.0169306.9004

Further analysis showed that ATX mRNA expression levels in BA livers were markedly
higher than those in non-BA control livers. In quantitative real-time PCR, we also observed a
significantly higher ATX expression in the BA livers than in the control livers (P<0.05) (Fig
4B). Moreover, ATX protein levels were significantly higher in the BA livers, when compared
to the non-BA control livers (P<0.05) (Fig 4C).

Upregulated DNMT 1 expression in biliary atresia

To determine DNMT1 expression that may be responsible for ATX promoter methylation, we
conducted quantitative real-time PCR for DNMT1 in peripheral blood leukocytes and liver tis-
sue samples. Quantitative real-time PCR showed that relative DNMTI mRNA expression in
peripheral blood leukocytes was significantly higher in BA patients than healthy controls
(P<0.05) (Fig 5A). There were no significant differences in relative DNMT1I expression
between early stage BA patients (non-jaundice, mild fibrosis, and low AST value) and
advanced BA patients (jaundice, severe fibrosis, and high AST value) (P>0.05). Furthermore,
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doi:10.1371/journal.pone.0169306.9005

relative DNMT1 mRNA expression in BA livers was significantly increased when compared
with that in control livers as shown in Fig 5B (P<0.01). No correlation between relative
DNMT1 expression and ATX methylation status was found in BA livers. Subsequent analysis
illustrated that DNMT1 mRNA expression was inversely correlated with ATX methylation
(r=-0.37, P<0.0001) (Fig 5C) but DNMTI1 mRNA expression was positively correlated with
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ATX mRNA expression in peripheral blood leukocytes of BA patients (r = 0.51, P<0.0001)
(Fig 5D).

ATX promoter hypomethylation as a possible biomarker

Additionally, we calculated the area under curve of the ROC curve, which was constructed
using ATX methylation values. Based on the ROC curve, the optimal cutoff values of ATX
methylation for overall, CpG 1, CpG 2, CpG 3, and CpG 4 as a possible biomarker for dis-
criminating BA patients were projected to be 63.63, 63.50, 62.50, 63.50, and 63.50, respec-
tively, which yielded the sensitivity of 81.60%, 63.20%, 81.60%, 65.80%, and 84.20% and the
specificity of 60.00%, 63.10%, 51.60%, 50.80%, and 53.80%, respectively. The AUC of ATX
methylation for overall, CpG 1, CpG 2, CpG 3, and CpG 4 were 0.79 (95% CI: 0.70 to 0.87,
P<0.0001), 0.68 (95% CI: 0.57 to 0.78, P = 0.003), 0.71 (95% CI: 0.61 to 0.81, P<0.0001), 0.68

(95% CI: 0.57 to 0.78, P = 0.003), as well as 0.72 (95% CI: 0.62 to 0.82, P<0.0001), respectively
(Fig 6A-GE).
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Fig 6. Receiver operating characteristic (ROC) curve representing the cutoff value of ATX promoter methylation in BA patients. (A) Overall
ATX promoter methylation. (B) ATX promoter methylation at CpG 1 site. (C) ATX promoter methylation at CpG 2 site. (D) ATX promoter methylation at
CpG 3 site. (E) ATX promoter methylation at CpG 4 site.

doi:10.1371/journal.pone.0169306.9006

PLOS ONE | DOI:10.1371/journal.pone.0169306 January 4, 2017 14/20



@° PLOS | ONE

ATX Promoter Methylation and Expression in BA

Discussion

The findings of this study add to an emerging body of literature that has investigated and
reported on the molecular processes in peripheral blood leukocytes and liver tissues of individ-
uals affected by biliary atresia. In this study, we demonstrated the presence of reduced DNA
methylation at four CpGs within the promoter region of ATX in peripheral blood leukocytes
and liver tissues of BA individuals. We also found that DNA hypomethylation of the ATX pro-
moter might be responsible for elevated ATX mRNA expression. Notably, ATX expression was
significantly more abundant in BA patients than in controls. In addition, upregulated ATX
expression was observed in BA patients with fibrosis, as compared to BA patients without
fibrosis. Data from our previous study provided evidence that increased serum ATX levels in
BA patients were significantly correlated with the severity of BA [23]. We demonstrated the
presence of higher ATX expression and protein levels in liver tissues of BA patients. Taken
together, we found that higher ATX mRNA expression and protein levels were inversely corre-
lated with hypomethylation of the gene promoter. The present study provides further evidence
of the primary role that epigenetic modifications assume in influencing level of gene expres-
sion in biliary atresia.

To the best of our knowledge, this is the first study to report data regarding the potential
epigenetic regulation of the ATX gene. We showed that specific CpGs within the ATX pro-
moter were hypomethylated in BA patients, which was supported by significantly elevated
ATX expression and a corresponding increase in ATX protein levels. To validate these find-
ings, we also compared DNA methylation in BA livers with control livers and found CpGs
within the ATX promoter to have lower methylated DNA in BA livers, which is consistent
with the findings observed in peripheral blood leukocytes. The ATX promoter hypomethyla-
tion correlated negatively with the severity of clinical parameters and hepatic fibrosis (TB,
AST, ALP, and liver stiffness) but positively with hepatic protein synthesis (albumin), suggest-
ing that epigenetic mechanisms could play a possible role in the regulation of ATX expression
regarding hepatic dysfunction and/or hepatic fibrosis. It seems plausible that the selected pro-
moter regions of ATX comprise the coding sequence, thus affecting the transcription of the
ATX gene. However, there was no relationship between ATX methylation at the CpG 4 residue
and clinical outcome in BA. We speculate that the CpG 4 residue might not contain the coding
sequence related to the transcription of the ATX gene, leading to no association of ATX pro-
moter methylation at the CpG 4 site with outcome parameters in postoperative BA patients.

The current study also revealed that DNMTI mRNA expression in peripheral blood leuko-
cytes and liver tissues was significantly elevated in BA patients compared with that in the con-
trols. Further analysis showed that DNMT1 mRNA expression was negatively associated with
ATX methylation status but DNMT1 mRNA expression was positively associated with ATX
mRNA expression in peripheral blood leukocytes. The explanation for increased DNMT1
mRNA expression in BA remains obscure. It might be related to the spectrum of the tested
DNMTs and the detection method. The enzymatic activity of DNMTT1 is controlled by both
posttranscriptional and posttranslational mechanism [24]. In the present study, we investigate
the association between ATX methylation status and DNMT1 expression, but not with the
enzymatic activities. Therefore, it is likely that the activity (and not the amount) of the enzyme
is more important in BA. Additional research will be needed to determine the association of
enzymatic activity of DNMT1 with the ATX methylation status.

Subsequent analysis demonstrated that BA patients had a significantly lower ATX methyla-
tion status and higher expression of DNMTI mRNA. The elevated DNMTI mRNA expression
involved in ATX hypomethylation in BA patients is still unclear. DNA hypomethylation and
higher expressions of DNMTSs have been observed in chronic hepatitis, cirrhosis, and
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hepatocellular carcinoma [25]. This suggested a feedback mechanism of DNMTs on the meth-
ylation status. The increased DNMTI mRNA expression could be attributed to an indirect
response to ATX hypomethylation in BA patients. It is postulated that the DNMT activity is
itself regulated partially by DNA methylation status which represent a feedback mechanism.
Accordingly, we suggest that ATX promoter methylation might depend upon several factors,
including DNMT mRNA expression, DNMT activity, DNMT protein expression, and tran-
script levels of other enzymes involved in the DNA methylation. Furthermore, the promoter
methylation and expression of autotaxin could depend on multiple pathways and molecules
except the DNMT1 function only.

Our findings support prior evidence that DNA methylation is an important determinant of
BA [15], as well as a stimulator of stellate cells and progressive hepatic fibrosis in animal mod-
els [26]. Nevertheless, no direct investigation of gene-specific methylation involving liver fibro-
sis in BA has been demonstrated. ATX has been shown to affect hepatic fibrogenesis, which
has been implicated in the pathogenesis of liver fibrosis in BA, especially the stimulation of
hepatic stellate cell proliferation via its enzymatic product, LPA [27]. Since serum levels of
ATX and LPA have been correlated with the development of liver fibrosis [12], upregulated
ATX expression might be associated with the severity of BA. In addition, our study showed sig-
nificantly higher liver ATX mRNA expression in BA patients than in controls. This is consis-
tent with previously reported observations demonstrating that ATX was more highly
expressed in liver tissue of patients with HCC [28]. Wu et al. reported extensive evidence of
ATX overexpression associated with progression of inflammation and liver cirrhosis in HCC
patients [14], which supports our findings of upregulated ATX expression in BA patients with
severe fibrosis. In recent years, elevated circulating ATX has been documented in patients with
other liver diseases including chronic hepatitis C virus (HCV) infection, HCV-associated
fibrosis, and cirrhosis [7, 11, 12]. Moreover, serum ATX was increased in hepatocellular carci-
noma with liver fibrosis, nonalcoholic fatty liver disease, and cholestatic disorders [8, 29, 30].
ATX expression was also shown to be augmented in chronic cholestatic diseases such as pri-
mary biliary cholangitis and primary sclerosing cholangitis [31]. These findings lead us to
hypothesize that ATX might serve as a possible parameter reflecting the severity of liver dis-
eases including biliary atresia.

Currently, BA is accepted as a heterogeneous disease, with various forms of clinical presen-
tation. The clinical manifestation of postoperative BA patients may reveal striking heterogene-
ity with a spectrum ranging from mild cases with early stages of liver fibrosis to severe cases
with advanced stages of liver fibrosis. In the present study, promoter hypomethylation and
overexpression of ATX varied between BA patients and, perhaps, between different stage of
liver fibrosis. The possible explanation for this observation could be that ATX mRNA expres-
sion might be lower in the early stage liver fibrosis, and ATX expression may continuously
increase during the disease progression. Additionally, the variation of hepatic ATX expression
could be ascribed to the heterogeneity of liver fibrosis, with different stages being present in
different areas of the BA livers. The etiology of BA remains elusive and theories of pathogene-
sis include viral infection, defects in bile duct development, genetics, and toxic factors [2-4]. It
is also tempting to speculate that epigenetic factors may modulate the phenotypic manifesta-
tions of BA. Moreover, a number of growth factors and cytokines involved in the liver fibrosis
remain largely unexplored. Autotaxin may act in concert with many other pro-inflammatory
and profibrogenic cytokines and growth factors, which contribute to the liver fibrogenesis in
BA.

Although the precise origin and fate of elevated circulating ATX levels remains unknown,
both human and animal studies suggest that ATX is metabolized by the liver [10]. High serum
ATX might result from decreased ATX clearance, increased expression, or a combination of
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both. A reduction in ATX clearance may result from diminished uptake by liver sinusoidal
endothelial cells [32]. Yet ATX activity in liver disease is closely related with liver function, as
ATX clearance is impaired when liver function failed in the case of BA, and other liver diseases
[8, 10]. This mechanism may result in the high expression levels of ATX in BA. In the present
study, we also found a positive association between mRNA expression and circulating protein
levels of ATX in BA patients. Thus, it is speculated that a factor capable of increasing ATX
expression (or reducing its clearance) in BA may result from phenotypic changes in liver sinu-
soidal endothelial cells during liver fibrosis.

This study suggests the possible involvement of ATX on liver fibrosis in BA. The aberrant
production of ATX may lead to the altered activation of LPA signal transductions through G-
protein coupled LPA receptors including, but not limited to, activation of Rho, Ras, phosphoi-
nositide 3-kinase (PI3K) signaling pathways. LPA was shown to stimulate the proliferation
and contraction of hepatic stellate cells and inhibit the apoptosis of these cells in vitro through
Rho/Rho kinase activation, suggesting that LPA could be profibrogenic in liver [10]. LPA acts
on its own G-protein coupled receptors and thereby elicit multiple cellular responses, such as
Rho/Rac-regulated cell migration, Ras-mediated cell proliferation, and PI3K-mediated cell
survival [33]. Accordingly, the aberrant expression of ATX along with the consequently abnor-
mal production of LPA in the liver microenvironment may fuel the progression of liver fibrosis
in biliary atresia.

It should be noted, however, that we are aware of some inherent limitations. First, the
cross-sectional design prevents determination of causal relationships, and the potential for
confounding variables cannot be dismissed. To further address this question of cause or conse-
quence, prospective cohort or experimental studies will help to elucidate the effect of epige-
netic changes on ATX expression and the risk of liver fibrosis in BA. Secondly, the number of
cases and controls in our study was relatively small, especially regarding the effect of epigenetic
changes in ATX produced in liver tissues. This factor diminishes the statistical power and gen-
eralizability of our results. It is recommended that future research should be conducted on a
large scale using multicenter studies to further address how increased ATX expression may
influence the pathogenesis in BA patients. Lastly, incomplete assessment of possible confound-
ing variables including medical comorbidities needs to be taken into consideration.

Conclusion

This study revealed that hypomethylation of CpG islands within the promoter region of the
ATX gene was associated with overexpression of ATX mRNA and protein levels, which might
play a plausible role in the pathogenesis of liver fibrosis in BA. Our results demonstrate a possi-
ble correlation between ATX methylation and levels of ATX transcription and translation.
These findings imply that the epigenetic aberrance of ATX promoter hypomethylation status
might contribute to liver fibrosis and has been hypothesized to be a potential biomarker for
monitoring the progression of liver fibrosis in postoperative biliary atresia. Further validation
with prospective studies is necessary to determine the utility of ATX as a biomarker for the
risk of liver fibrosis in BA. Given the established role of ATX in promoting liver fibrosis, addi-
tional studies of potential underlying mechanisms related to the effect of ATX on the patho-
genesis of liver fibrosis in BA are warranted.

Supporting Information

S1 Table. ATX promoter methylation distribution in the study participants.
(DOC)

PLOS ONE | DOI:10.1371/journal.pone.0169306 January 4, 2017 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169306.s001

@° PLOS | ONE

ATX Promoter Methylation and Expression in BA

Acknowledgments

The authors acknowledge the Research Core Facility of the Department of Biochemistry and
Chulalongkorn Medical Research Center (ChulaMRC) for kindly providing facilities and the
100th Anniversary Chulalongkorn University for Wanvisa Udomsinprasert. We thank Kevin
P. Jones and Thomas Mabey for reviewing and proof-reading the manuscript. We are also
grateful to Dr. Maria C. de Andrés Gonzalez for her combined effort in critical review of the
manuscript.

Author Contributions

Conceptualization: WU NK AM YP SH.

Data curation: WU NK AM VC YP SH.

Formal analysis: WU NK AM VC YP SH.

Funding acquisition: AM YP SH.

Investigation: WU NK AM VC YP SH.

Methodology: WU NK AM YP SH.

Project administration: WU NK AM YP SH.

Resources: WU NK AM VC YP SH.

Software: WU NK AM SH.

Supervision: NK AM YP SH.

Validation: WU NK YP SH.

Visualization: WU NK YP SH.

Writing - original draft: WU SH.

Writing - review & editing: WU SH.

References

1.

Sokol RJ, Shepherd RW, Superina R, Bezerra JA, Robuck P, Hoofnagle JH. Screening and outcomes
in biliary atresia: summary of a National Institutes of Health workshop. Hepatology 2007; 46:566-581.
doi: 10.1002/hep.21790 PMID: 17661405

Hartley JL, Davenport M, Kelly DA. Biliary atresia. Lancet 2009; 374:1704—1713. doi: 10.1016/S0140-
6736(09)60946-6 PMID: 19914515

Petersen C. Pathogenesis and treatment opportunities for biliary atresia. Clin Liver Dis 2006; 10:73—88.
doi: 10.1016/j.cld.2005.10.001 PMID: 16376795

Superina R, Magee JC, Brandt ML, Healey PJ, Tiao G, Ryckman F, et al. The anatomic pattern of biliary
atresia identified at time of Kasai hepatoportoenterostomy and early postoperative clearance of jaun-
dice are significant predictors of transplant-free survival. Ann Surg 2011; 254:577-585. doi: 10.1097/
SLA.0b013e3182300950 PMID: 21869674

Tokumura A, Majima E, Kariya Y, Tominaga K, Kogure K, Yasuda K, et al. Identification of human
plasma lysophospholipase D, a lysophosphatidic acid-producing enzyme, as autotaxin, a multifunc-
tional phosphodiesterase. J Biol Chem 2002; 277:39436—-39442. doi: 10.1074/jbc.M205623200 PMID:
12176993

Umezu-Goto M, Kishi Y, Taira A, Hama K, Dohmae N, Takio K, et al. Autotaxin has lysophospholipase
D activity leading to tumor cell growth and motility by lysophosphatidic acid production. J Cell Biol 2002;
158:227-233. doi: 10.1083/jcb.200204026 PMID: 12119361

PLOS ONE | DOI:10.1371/journal.pone.0169306 January 4, 2017

18/20


http://dx.doi.org/10.1002/hep.21790
http://www.ncbi.nlm.nih.gov/pubmed/17661405
http://dx.doi.org/10.1016/S0140-6736(09)60946-6
http://dx.doi.org/10.1016/S0140-6736(09)60946-6
http://www.ncbi.nlm.nih.gov/pubmed/19914515
http://dx.doi.org/10.1016/j.cld.2005.10.001
http://www.ncbi.nlm.nih.gov/pubmed/16376795
http://dx.doi.org/10.1097/SLA.0b013e3182300950
http://dx.doi.org/10.1097/SLA.0b013e3182300950
http://www.ncbi.nlm.nih.gov/pubmed/21869674
http://dx.doi.org/10.1074/jbc.M205623200
http://www.ncbi.nlm.nih.gov/pubmed/12176993
http://dx.doi.org/10.1083/jcb.200204026
http://www.ncbi.nlm.nih.gov/pubmed/12119361

@° PLOS | ONE

ATX Promoter Methylation and Expression in BA

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

Pleli T, Martin D, Kronenberger B, Brunner F, Kéberle V, Grammatikos G, et al. Serum autotaxin is a
parameter for the severity of liver cirrhosis and overall survival in patients with liver cirrhosis—a pro-
spective cohort study. PLoS One 2014; 25:e103532.

Kondo M, Ishizawa T, Enooku K, Tokuhara Y, Ohkawa R, Uranbileg B, et al. Increased serum autotaxin
levels in hepatocellular carcinoma patients were caused by background liver fibrosis but not by carci-
noma. Clin Chim Acta 2014; 433:128-134. doi: 10.1016/j.cca.2014.03.006 PMID: 24642343

Ikeda H, Nagashima K, Yanase M, Tomiya T, Arai M, Inoue Y, et al. Involvement of Rho/Rho kinase
pathway in regulation of apoptosis in rat hepatic stellate cells. Am J Physiol Gastrointest Liver Physiol
2003; 285:G880—-G886. doi: 10.1152/ajpgi.00039.2003 PMID: 12829436

Ikeda H, Yatomi Y. Autotaxin in liver fibrosis. Clin Chim Acta. 2012; 413:1817—1821. doi: 10.1016/j.cca.
2012.07.014 PMID: 22820036

Nakagawa H, lkeda H, Nakamura K, Ohkawa R, Masuzaki R, Tateishi R, et al. Autotaxin as a novel
serum marker of liver fibrosis. Clin Chim Acta. 2011; 412:1201-1206. doi: 10.1016/j.cca.2011.03.014
PMID: 21419756

Watanabe N, Ikeda H, Nakamura K, Ohkawa R, Kume Y, Aoki J, et al. Both plasma lysophosphatidic
acid and serum autotaxin levels are increased in chronic hepatitis C. J Clin Gastroenterol 2007;
41:616-623. doi: 10.1097/01.mcg.0000225642.90898.0e PMID: 17577119

Park SY, Jeong KJ, Panupinthu N, Yu S, Lee J, Han JW, et al. Lysophosphatidic acid augments human
hepatocellular carcinoma cell invasion through LPA1 receptor and MMP-9 expression. Oncogene 2011;
30:1351-1359. doi: 10.1038/0nc.2010.517 PMID: 21102517

Wu JM, Xu'Y, Skill NJ, Sheng H, Zhao Z, Yu M, et al. Autotaxin expression and its connection with the
TNF-alpha-NF-kappaB axis in human hepatocellular carcinoma. Mol Cancer 2010; 31:71.

Matthews RP, Eauclaire SF, Mugnier M, Lorent K, Cui S, Ross MM, et al. DNA hypomethylation causes
bile duct defects in zebrafish and is a distinguishing feature of infantile biliary atresia. Hepatology 2011;
53:905-914. doi: 10.1002/hep.24106 PMID: 21319190

Attwood JT, Yung RL, Richardson BC. DNA methylation and the regulation of gene transcription. Cell
Mol Life Sci 2002; 59:241-257. PMID: 11915942

Burgers WA, Blanchon L, Pradhan S, de Launoit Y, Kouzarides T, Fuks F. Viral oncoproteins target the
DNA methyltransferases. Oncogene 2007; 26:1650—1655. doi: 10.1038/sj.onc.1209950 PMID:
16983344

Glenn CC, Nicholls RD, Robinson WP, Saitoh S, Niikawa N, Schinzel A, et al. Modification of 15q11-
q13 DNA methylation imprints in unique Angelman and Prader-Willi patients. Hum Mol Genet 1993;
2:1377-1382. PMID: 8242060

Richardson B, Scheinbart L, Strahler J, Gross L, Hanash S, Johnson M. Evidence for impaired T cell
DNA methylation in systemic lupus erythematosus and rheumatoid arthritis. Arthritis Rheum 1990;
33:1665-1673. PMID: 2242063

Karouzakis E, Gay RE, Michel BA, Gay S, Neidhart M. DNA hypomethylation in rheumatoid arthritis
synovial fibroblasts. Arthritis Rheum 2009; 60:3613-3622. doi: 10.1002/art.25018 PMID: 19950268

Dong R, Zhao R, Zheng S, Zheng Y, Xiong S, Chu Y. Abnormal DNA methylation of ITGAL (CD11a) in
CD4+ T cells from infants with biliary atresia. Biochem Biophys Res Commun 2012; 417:986—990. doi:
10.1016/j.bbrc.2011.12.054 PMID: 22206678

Dong R, Zhao R, Zheng S. Changes in epigenetic regulation of CD4+ T lymphocytesin biliary atresia.
Pediatr Res 2011; 70:555-559. doi: 10.1203/PDR.0b013e3182322949 PMID: 21857377

Udomsinprasert W, Honsawek S, Anomasiri W, Chongsrisawat V, Vejchapipat P, Poovorawan Y.
Serum autotaxin levels correlate with hepatic dysfunction and severity in postoperative biliary atresia.
Biomarkers 2015; 20:89-94. doi: 10.3109/1354750X.2014.994564 PMID: 25536867

Belinsky SA, Nikula KJ, Baylin SB, Issa JP. A microassay for measuring cytosine DNA methyltransfer-
ase activity during tumor progression. Toxicol Lett. 1995; 82—83:335-340. PMID: 8597074

Saito Y, Kanai Y, Sakamoto M, Saito H, Ishii H, Hirohashi S. Overexpression of a splice variant of DNA
methyltransferase 3b, DNMT3b4, associated with DNA hypomethylation on pericentromeric satellite
regions during human hepatocarcinogenesis. Proc Natl Acad Sci U S A. 2002; 99:10060—10065. doi:
10.1073/pnas.152121799 PMID: 12110732

Bian EB, Huang C, Wang H, Wu BM, Zhang L, Lv XW, et al. DNA methylation: new therapeutic implica-
tions for hepatic fibrosis. Cell Signal 2013; 25:355-358. doi: 10.1016/j.cellsig.2012.10.007 PMID:
23085259

Ikeda H, Yatomi Y, Yanase M, Satoh H, Nishihara A, Kawabata M, et al. Effects of lysophosphatidic
acid on proliferation of stellate cells and hepatocytes in culture. Biochem Biophys Res Commun 1998;
248:436-440. doi: 10.1006/bbrc.1998.8983 PMID: 9675156

PLOS ONE | DOI:10.1371/journal.pone.0169306 January 4, 2017 19/20


http://dx.doi.org/10.1016/j.cca.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/24642343
http://dx.doi.org/10.1152/ajpgi.00039.2003
http://www.ncbi.nlm.nih.gov/pubmed/12829436
http://dx.doi.org/10.1016/j.cca.2012.07.014
http://dx.doi.org/10.1016/j.cca.2012.07.014
http://www.ncbi.nlm.nih.gov/pubmed/22820036
http://dx.doi.org/10.1016/j.cca.2011.03.014
http://www.ncbi.nlm.nih.gov/pubmed/21419756
http://dx.doi.org/10.1097/01.mcg.0000225642.90898.0e
http://www.ncbi.nlm.nih.gov/pubmed/17577119
http://dx.doi.org/10.1038/onc.2010.517
http://www.ncbi.nlm.nih.gov/pubmed/21102517
http://dx.doi.org/10.1002/hep.24106
http://www.ncbi.nlm.nih.gov/pubmed/21319190
http://www.ncbi.nlm.nih.gov/pubmed/11915942
http://dx.doi.org/10.1038/sj.onc.1209950
http://www.ncbi.nlm.nih.gov/pubmed/16983344
http://www.ncbi.nlm.nih.gov/pubmed/8242060
http://www.ncbi.nlm.nih.gov/pubmed/2242063
http://dx.doi.org/10.1002/art.25018
http://www.ncbi.nlm.nih.gov/pubmed/19950268
http://dx.doi.org/10.1016/j.bbrc.2011.12.054
http://www.ncbi.nlm.nih.gov/pubmed/22206678
http://dx.doi.org/10.1203/PDR.0b013e318232a949
http://www.ncbi.nlm.nih.gov/pubmed/21857377
http://dx.doi.org/10.3109/1354750X.2014.994564
http://www.ncbi.nlm.nih.gov/pubmed/25536867
http://www.ncbi.nlm.nih.gov/pubmed/8597074
http://dx.doi.org/10.1073/pnas.152121799
http://www.ncbi.nlm.nih.gov/pubmed/12110732
http://dx.doi.org/10.1016/j.cellsig.2012.10.007
http://www.ncbi.nlm.nih.gov/pubmed/23085259
http://dx.doi.org/10.1006/bbrc.1998.8983
http://www.ncbi.nlm.nih.gov/pubmed/9675156

@° PLOS | ONE

ATX Promoter Methylation and Expression in BA

28.

29.

30.

31.

32.

33.

Cooper AB, Wu J, Lu D, Maluccio MA. Is autotaxin (ENPP2) the link between hepatitis C and hepatocel-
lular cancer? J. Gastrointest Surg 2007; 11:1628—1634. doi: 10.1007/s11605-007-0322-9 PMID:
17902023

Rachakonda VP, Reeves VL, Aliammal J, Wills RC, Trybula JS, DelLany JP, et al. Serum autotaxin is
independently associated with hepatic steatosis in women with severe obesity. Obesity (Silver Spring)
2015; 23:965-972.

Kremer AE, Gonzales E, Schaap FG, Oude Elferink RP, Jacquemin E, Beuers U. Serum autotaxin
activity correlates with pruritus in pediatric cholestatic disorders. J Pediatr Gastroenterol Nutr 2016;
62:530-535. doi: 10.1097/MPG.0000000000001044 PMID: 26628447

Waunsch E, Krawczyk M, Milkiewicz M, Trottier J, Barbier O, Neurath MF, et al. Serum Autotaxin is a
Marker of the Severity of Liver Injury and Overall Survival in Patients with Cholestatic Liver Diseases.
Sci Rep 2016; 6:30847. doi: 10.1038/srep30847 PMID: 27506882

Jansen S, Andries M, Vekemans K, Vanbilloen H, Verbruggen A, Bollen M. Rapid clearance of the cir-
culating metastatic factor autotaxin by the scavenger receptors of liver sinusoidal endothelial cells. Can-
cer Lett 2009; 284:216-221. doi: 10.1016/j.canlet.2009.04.029 PMID: 19482419

Tania M, Khan MA, Zhang H, Li J, Song Y. Autotaxin: a protein with two faces. Biochem Biophys Res
Commun 2010; 401:493-497. doi: 10.1016/j.bbrc.2010.09.114 PMID: 20888793

PLOS ONE | DOI:10.1371/journal.pone.0169306 January 4, 2017 20/20


http://dx.doi.org/10.1007/s11605-007-0322-9
http://www.ncbi.nlm.nih.gov/pubmed/17902023
http://dx.doi.org/10.1097/MPG.0000000000001044
http://www.ncbi.nlm.nih.gov/pubmed/26628447
http://dx.doi.org/10.1038/srep30847
http://www.ncbi.nlm.nih.gov/pubmed/27506882
http://dx.doi.org/10.1016/j.canlet.2009.04.029
http://www.ncbi.nlm.nih.gov/pubmed/19482419
http://dx.doi.org/10.1016/j.bbrc.2010.09.114
http://www.ncbi.nlm.nih.gov/pubmed/20888793

w\J

World Journal of
Hepatology

Submit a Manuscript: http:/ /www.wjgnet.com/esps/
Help Desk: http:/ /www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.4254/wjh.v8.i33.1471

World | Hepatol 2016 November 28; 8(33): 1471-1477
ISSN 1948-5182 (online)
© 2016 Baishideng Publishing Group Inc. All rights reserved.

Prospective Study

Elevation of serum urokinase plasminogen activator
receptor and liver stiffness in postoperative biliary atresia

ORIGINAL ARTICLE

Wanvisa Udomsinprasert, Sittisak Honsawek, Napaphat Jirathanathornnukul, Voranush Chongsrisawat, Yong

Poovorawan

Wanvisa Udomsinprasert, Sittisak Honsawek, Napaphat
Jirathanathornnukul, Department of Biochemistry, Faculty
of Medicine, Chulalongkorn University, King Chulalongkorn
Memorial Hospital, Thai Red Cross Society, Bangkok 10330,
Thailand

Voranush Chongsrisawat, Yong Poovorawan, Center of
Excellence in Clinical Virology, Department of Pediatrics, Faculty
of Medicine, Chulalongkorn University, King Chulalongkorn
Memorial Hospital, Thai Red Cross Society, Bangkok 10330,
Thailand

Author contributions: Honsawek S designed the study;
Udomsinprasert W, Honsawek S and Jirathanathornnukul N
performed the research; Udomsinprasert W, Honsawek S,
Jirathanathornnukul N, Chongsrisawat V and Poovorawan Y
analyzed the data; Chongsrisawat V and Poovorawan Y examined
all the patients and collected the clinical data; Udomsinprasert
W and Honsawek S wrote the paper; Honsawek S revised the
manuscript for final submission.

Institutional review board statement: The study was reviewed
and approved by the Institutional Review Board on Human
Research of the Faculty of Medicine, Chulalongkorn University.

Informed consent statement: All study participants, or their
legal guardian, provided informed written consent prior to study
enrollment.

Conflict-of-interest statement: All the authors have no
conflicts of interests to declare.

Data sharing statement: Technical appendix, statistical code,
and dataset available from the corresponding author at sittisak.
h@chula.ac.th. Participants gave informed consent for data
sharing.

Open-Access: This article is an open-access article which was
selected by an in-house editor and fully peer-reviewed by external
reviewers. It is distributed in accordance with the Creative
Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this

WJH | www.wjgnet.com

JRaishideng®

work non-commercially, and license their derivative works on
different terms, provided the original work is properly cited and
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

Manuscript source: Invited manuscript

Correspondence to: Sittisak Honsawek, MD, PhD, Department
of Biochemistry, Faculty of Medicine, Chulalongkorn University,
King Chulalongkorn Memorial Hospital, Thai Red Cross Society,
1873 Rama IV Road, Patumwan, Bangkok 10330,

Thailand. sittisak.-h@chula.ac.th

Telephone: +662-256-4482

Fax: +662-256-4482

Received: June 5, 2016

Peer-review started: June 7, 2016
First decision: August 10, 2016
Revised: August 21,2016

Accepted: October 22, 2016

Article in press: October 24, 2016
Published online: November 28, 2016

Abstract

AIM

To investigate serum urokinase-type plasminogen activator
receptor (UPAR) and liver stiffness in biliary atresia (BA)
and examine the correlation of circulating uPAR, liver
stiffness, and clinical outcomes in postoperative BA
children.

METHODS

Eighty-five postKasai BA children and 24 control subjects
were registered. Circulating uPAR was measured using
enzyme-linked immunosorbent essay. Liver stiffness
was analyzed using transient elastography.

RESULTS
BA children had significantly greater circulating uPAR and

November 28, 2016 | Volume 8 | Issue 33 |



Udomsinprasert W et a/. Elevated uPAR and liver stiffness in biliary atresia

liver stiffness scores than control subjects (P < 0.001).
Circulating uPAR and liver stiffness were substantially
higher in jaundiced BA children than non-jaundiced
BA children (P < 0.001). In addition, circulating
uPAR was positively associated with serum aspartate
aminotransferase ( = 0.507, P < 0.001), alanine
aminotransferase (r = 0.364, P < 0.001), total bilirubin
(r = 0.559, P < 0.001), alkaline phosphatase (r = 0.325,
P < 0.001), and liver stiffness scores (r = 0.508, P <
0.001).

CONCLUSION

Circulating uPAR and liver stiffness values were greater
in BA children than healthy controls. The increased
circulating uPAR was associated with liver dysfunction in
BA. As a consequence, serum UPAR and liver stiffness
may be used as noninvasive biomarkers indicating the
progression of liver fibrosis in postKasai BA.

Key words: Biliary atresia; Jaundice; Liver stiffness;
Severity; Urokinase plasminogen activator receptor

© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Urokinase plasminogen activator receptor
(uPAR) is known to be a substantial factor in the
etiopathogenesis of hepatic inflammation and liver
fibrogenesis. This study is the first to show that
circulating uPAR is more elevated in biliary atresia (BA)
children than in control subjects, and that circulating
UPAR is correlated with the degree of jaundice and
liver fibrosis in biliary atresia. Elevated serum uPAR is
positively correlated with the severity of liver stiffness
in postKasai BA children. Hence, serum uPAR could
be used as a biological parameter indicating the pro-
gression and prognosis of liver fibrosis in BA children.

Udomsinprasert W, Honsawek S, Jirathanathornnukul N,
Chongsrisawat V, Poovorawan Y. Elevation of serum urokinase
plasminogen activator receptor and liver stiffness in postoperative
biliary atresia. World J Hepatol 2016; 8(33): 1471-1477
Available from: URL: http://www.wjgnet.com/1948-5182/full/
v8/i33/1471.htm DOI: http://dx.doi.org/10.4254/wjh.v8.133.1471

INTRODUCTION

Biliary atresia (BA) is a severe chronic cholestatic liver
disease of unknown etiology in young infants. The
estimated incidence of BA varies from 1 in 8000 to 1
in 20000 live births, with a high frequency in Asians!'..
Affected newborns exhibit evidence of biliary obstruction
within the first few months of life. BA is manifested by
impaired liver function and fibroinflammatory obliterative
cholangiopathy of both intrahepatic and extrahepatic bile
ducts™?, Extrahepatic BA is the most common form of
ductal cholestasis. BA patients initially develop neonatal
jaundice due to hepatic cholestasis and progress to

Raishidenge ~ WJH | www.wjgnet.com

hepatic fibrosis, which result in biliary cirrhosis™™!, Even
though no medical therapies exist, sequential treatment
strategy involving surgical Kasai portoenterostomy and
liver transplantation is the only option for the most
affected children. Nonetheless the precise pathogenesis
of BA has yet to be determined, a number of theories
regarding the etiology of BA include toxin exposure,
virus-mediated inflammation, abnormal inflammatory
response, defective morphogenesis, genetic mutation,
and immunological dysregulationt™.

Urokinase-type plasminogen activator receptor
(uPAR, CD87) is a cellular membrane receptor that
attachs to urokinase-type plasminogen activator (uPA)
with high affinity, through promoting the pericellular
activation of plasminogen®. The involvement of UPA, its
receptor (UPAR), and plasminogen activator inhibitor-1
(PAI-1) in regulation of cell adhesion, migration,
proliferation, differentiation, and cell survival has recently
demonstrated™. uPAR is expressed by a wide range of
immune cells and endothelial cells, which contribute to
the etiopathogenesis of hepatic inflammation and liver
fibrogenesis”®, Once inflammation is activated, uPAR is
released from the cell membrane by proteolytic enzymes
to produce soluble uPAR™. In recent years, previous
studies have investigated that elevated circulating uPAR
levels have been observed in acute liver failure, chronic
liver diseases, and nonalcoholic fatty liver diseases ™2,

It has been previously shown that certain cyto-
kines and growth factors play possible parts in the
etiopathology of biliary atresia**®. The measurements
on circulating uPAR and liver stiffness of BA have never
been documented. We hypothesized that circulating
UPAR and liver stiffness could be more elevated in BA
patients than in control subjects and circulating uPAR
would be associated with the disease severity and clinical
outcomes in postKasia biliary atresia. Hence, the purpose
of the current research is to determine circulating uPAR
and liver stiffness measurements and to investigate the
plausible correlation of circulating uPAR, liver stiffness,
and clinical outcomes in postoperative biliary atresia
children.

MATERIALS AND METHODS

The present study was approved by the Institutional
Review Board on Human Research of the Faculty of
Medicine, Chulalongkorn University, and was conducted in
compliance with the ethical guidelines of the Declaration
of Helsinki. All parents of children were informed of the
study’s purpose and of any interventions involved in the
current study. Written informed consent was derived
from the parents prior to the subjects entering the study.

Study population

Eighty-five BA children (39 girls and 46 boys with mean
age of 9.0 = 0.6 years) and 24 normal control subjects
(11 girls and 13 boys with mean age of 8.5 £ 0.5 years)
were enrolled in the study. None of them had undergone
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liver transplantation. Healthy controls attending the Well
Baby Clinic at our institution for vaccination had normal
physical findings and no underlying disease. BA children
were classified into two groups according to their serum
total bilirubin (TB): Non-jaundiced BA children (TB < 2
mg/dL, n = 46) and persistent jaundiced BA children (TB
= 2mg/dL, n = 39).

Laboratory methods

Samples of peripheral venous blood were collected from
every participant, and were kept at -80 ‘C for subsequent
measurement. The quantitative assessment of serum
uPAR was performed by using commercially available
enzyme-linked immunosorbent essay (Quantikine,
R and D Systems, Minneapolis, MN, United States).
According to the manufacturer’s protocol, recombinant
human uPAR standards and serum samples were added
into each well, which has been pre-coated with specific
antibody to uPAR. After incubating for 2 h at room
temperature, every well was washed thoroughly with
wash buffer. Then, uPAR conjugate was pipetted into
each well and incubated for 2 h at room temperature.
After 4 washes, substrate solution was added into the
wells and the microplate was incubated for 30 min at
room temperature with protection from light. Lastly,
the reaction was stopped by the stop solution and the
optical density was determined using an automated
microplate reader at 450 nm. A standard optical density-
concentration curve was drawn for the determination of
UPAR concentration. The liver function tests including serum
albumin,TB, direct bilirubin, aspatate aminotransferase
(AST), alanine aminotransferase (ALT), and alkaline phos-
phatase (ALP) were measured using a Hitachi 912 (Roche
Diagnostics, Basel, Switzerland) automated machine at
the central laboratory of our hospital.

Liver stiffness measurement

Transient elastography (Fibroscan, Echosens, Paris,
France) measured the liver stiffness between 25 to
65 mm from the skin surface, which is approximately
equivalent to the volume of a cylinder of 1 cm diameter
and 4 cm length. The measurements were performed
by placing a transducer probe of Fibroscan on the
intercostal space at the area of the right lobe of the
liver with patients lying in a dorsal decubitus position
with maximum abduction of the right arm. The target
location for measurement was a liver portion that
was at least 6 cm thick, and devoid of major vascular
structures. The measurements were performed until
10 validated results had been obtained with a success
rate of at least 80%. The median value of 10 validated
scores was considered the elastic modulus of the liver,
and it was expressed in kilopascals (kPa).

Statistical analysis

Statistical analysis was executed by using the SPSS
version 22.0 statistical software package (SPSS Inc.,
Chicago, IL, United States). Comparisons of demographic
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and clinical outcomes between groups were performed
using > and Student’s unpaired t-test when appropriate.
Correlation between numerical data was obtained using
Pearson’s correlation coefficient (r). Data were presented
as mean £ SEM of the mean. A two-tailed P-value of less
than 0.05 was taken to indicate statistical significance.

RESULTS

Comparison between BA children and control subjects
Eighty-five postoperative biliary atresia children and
24 ethnically matched unaffected volunteers were
prospectively recruited in the current work. The base-
line features of BA children and control subjects are
presented in Table 1. There was no significant difference
of age and gender between case and control groups.
However, circulating uPAR values were substantially
greater in BA children than in control subjects (6085.9
+ 400.7 pg/mL vs 4754.5 £ 294.9 pg/mL, P = 0.01)
(Figure 1). Moreover, BA group had notably greater liver
stiffness values than control group (28.7 + 2.7 kPa vs 4.1
+ 0.2 kPa, P < 0.001).

Differences between jaundiced group and non-jaundiced
group of BA children
BA children were subdivided into jaundiced group (n
= 39) and non-jaundiced group (n = 46). The clinical
characteristics and biochemical features of patients
according to jaundice status are illustrated in Table 2.
Jaudiced BA children exhibited remarkably greater
serum uPAR levels than non-jaundiced BA children
(7373.5 + 684.6 pg/mL vs 4994.2 + 400.9 pg/mL, P =
0.003) (Figure 2). Furthermore, mean liver stiffness
measurement of jaundiced BA group was greatly
increased compared with that of non-jaundiced BA group
(46.2 £ 3.7 kPa vs 13.9 £ 2.0 kPa, P < 0.001).
Subsequent investigation revealed that circulating
UPAR was directly associated with serum AST (r = 0.507,
P < 0.001), ALT (r = 0.364, P < 0.001), TB (r = 0.559,
P < 0.001), ALP (r = 0.325, P < 0.001), and liver
stiffness values (r = 0.508, P < 0.001) in BA children
(Figure 3). However, circulating uPAR concentration was
negatively associated with serum albumin level (r =
-0.666, P < 0.001) (Figure 3).

DISCUSSION

Biliary atresia is a chronic progressive fibroinflammatory
liver disorder with mysterious etiology. The etiopatho-
logy of BA currently remains elusive and it seems that
multiple factors may contribute to the development of
BA. Yet today, Kasai operation has been proved as the
most effective option of surgical treatment. Without
surgery, children with biliary atresia will finally die due
to biliary cirrhosis and liver failure!'. Recently, circulating
UPAR levels have been shown to be involved in chronic
liver disorders, including chronic hepatitis B and C, liver
cirrhosis, and hepatocellular carcinoma'’*. Based on
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Table 1 Demographic data, biochemical characteristics, and

liver stiffness scores of biliary atresia patients and healthy
controls

Variables BA (m = 85) Controls (m = 24) P value
Age (yr) 9.0£0.6 85+0.5 0.2
Gender (female:male) 39:46 11:13 0.4
Albumin (g/dL) 42+0.1 - NA
Total bilirubin (mg/dL) 2.7+04 - NA
Direct bilirubin (mg/dL) 23+04 - NA
AST (IU/L) 143.7 +11.9 - NA
ALT (IU/L) 137.1+£125 - NA
ALP (IU/L) 4492 +34.0 - NA
Liver stiffness (kPa) 287427 41+02 <0.001
uPAR (pg/mL) 6085.9 +400.7 47545 +294.9 0.01

The data was expressed as mean + SEM. BA: Biliary atresia; AST:
Aspartate aminotransferase; ALT: Alanine aminotransferase; ALP:
Alkaline phosphatase; uPAR: Urokinase-type plasminogen activator
receptor; NA: Not applicable.

7000 £ =001

6000 -

5000

4000

3000 -

2000 -

Serum uPAR levels (pg/mL)

1000

Controls BA

Figure 1 Comparison of serum urokinase-type plasminogen activator
receptor levels in biliary atresia patients and healthy controls. uPAR:
Urokinase-type plasminogen activator receptor; BA: Biliary atresia.

our experience, there is no report about circulating uPAR
and hepatic fibrosis in various degrees of postoperative
biliary atresia.

The present study is the first to show that circulating
uPAR and liver fibrosis values were significantly higher
in children suffering from BA than in control subjects.
Additionally, circulating uPAR in jaundiced BA children
was markedly increased with respect to that in non-
jaundiced BA children. Elevated circulating uPAR levels
were directly associated with total bilirubin, AST, ALT,
ALP in post Kasai BA children, suggesting that circulating
UPAR is related to degree of jaundice BA children. Further-
more, the degree of jaundice is possibly linked to the
severity of intrahepatic biliary obliteration. Both AST and
ALT are extensively used as biochemical parameters of
hepatic abnormality indicating liver cell injury. Hence, the
findings imply that uPAR could have a plausible role in
the mechanism of liver cell injury in postoperative biliary
atresia, and it would be associated with the severity of
bile duct obliteration.

The present investigation demonstrated that cir-
culating uPAR was more pronounced in biliary atresia
children than control subjects. In accordance with this
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Table 2 Comparison of biliary atresia patients without and

with jaundice

Variables BA patients with BA patients P-value

jaundice without jaundice

(n =39) (n = 46)
Age (yr) 9.5+0.9 8.6+0.9 04
Gender (female:male) 18:21 21:25 0.5
Albumin (g/dL) 38+0.1 45+0.1 <0.001
Total bilirubin (mg/dL) 51+0.7 05+0.1 <0.001
Direct bilirubin (mg/dL) 45+0.6 02+0.1 <0.001
AST (IU/L) 210.4 +17.2 84.7+£10.2 <0.001
ALT (IU/L) 195.9 £19.9 85.1+10.7 <0.001
ALP (IU/L) 599.7 +52.8 313.0 £32.0 <0.001
Liver stiffness (kPa) 46.2+3.7 13.9+2.0 <0.001
uPAR (pg/mL) 7373.5 + 684.6 4994.2 + 400.9 0.003

The data are expressed as mean + SEM. BA: Biliary atresia; AST: Aspartate
aminotransferase; ALT: Alanine aminotransferase; ALP: Alkaline
phosphatase; uPAR: Urokinase-type plasminogen activator receptor; NA:
Not applicable.

P = 0.003
P =0.003

9000 -
8000 -

7000
6000
5000 - I
4000 |-
3000
2000 -
1000 -

Serum uPAR levels (pg/mL)
HH

Controls No Jaundice Jaundice

Figure 2 Comparison of serum urokinase-type plasminogen activator
receptor levels in biliary atresia patients without jaundice and with jaundice.
UPAR: Urokinase-type plasminogen activator receptor.

observation, Sjéwall et al'*” reported that circulating
UPAR was increased in subjects with non-alcoholic fatty
liver disease and associated with the severity of fibrosis.
Moreover, UPAR expressions in liver tissue samples
have been documented in subjects with hepatocellular
carcinoma as shown by Morita et a/®'l. In addition,
Zimmermann et al'¥ reported that circulating uPAR
was substantially elevated in subjects with chronic
liver diseases compared with controls and were closely
correlated with liver function and fibrosis.

In light of our findings, certain hypotheses could
explain high circulating uPAR in jaundiced biliary atresia
children. Firstly, the release of uPAR in the injured liver
could be accountable for the increased circulating uPAR.
Secondly, the elevation of circulating uPAR may be
ascribed to the unbalance between uPAR synthesis and
UPAR clearance. The reduction of uPAR destruction in
BA children with liver fibrosis may lead to the elevated
circulating uPAR. Decreased pre-systemic hepatic
metabolism might explain the increased uPAR levels in
serum BA children with hepatic dysfunction. Besides,
other tissues outside the liver could synthesize and
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activator receptor.

release UPAR into the blood. The rising serum level of
UPAR is likely attributable to the results of hepatocellular
injury and further liver fibrosis. Whether increment of
serum uPAR in BA children indicates low destruction, high
production, or both remain obscure. Additional research
will be needed to clarify the molecular basis leading to
increased circulating uPAR.

Several caveats need to be acknowledged in this study.
First, relatively small sample size of enrolled subjects limits
the statistical power of our findings. Second, the cross-
sectional study precludes definite information regarding
causal relationships. In addition, inadequate assessment
of various confounders such as comorbidity must be
considered. To address these challenges, future studies
should collect prospective measurements of these data

Raishidenge ~ WJH | www.wjgnet.com

to preclude bias and reverse causation. Moreover, the
present investigation was restricted to the subjects under
follow-up at our institution. Accordingly, our results may
not be generalized across different populations. Finally,
hepatic expression of uPAR has not been investigated.
Further studies on immunohistochemistry of uPAR
from liver tissues might provide better knowledge on
molecular mechanisms of uPAR in biliary atresia.

To sum up, our study illustrated that circulating
uPAR and liver stiffness measurement were markedly
higher in biliary atresia children than in control subjects.
Circulating uPAR was more elevated in jaundiced BA
children compared to non-jaundiced BA children. Further-
more, elevated serum uPAR was correlated with hepatic
dysfunction and outcome parameters. Circulating uPAR
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and liver stiffness values might be used as noninvasive
biological markers indicating the progression and
prognosis of hepatic fibrosis in postoperative biliary
atresia children. Although underlying mechanisms of
the cause and effect relationships remain elusive, there
is abundant room for the definite role of uPAR in the
etiopathogenesis of hepatic fibrosis in BA.
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Background

Biliary atresia (BA) is a severe chronic cholestatic liver disease of unknown
etiology in young infants. The exact pathogenesis of BA remains a matter
of debate. Circulating urokinase plasminogen activator receptor (uPAR) has
arisen as a promising biochemical marker of certain disorders, such as liver
injury and fibrosis. Although recent reports suggest a potential applicability
for the measurement of circulating uPAR in liver fibrosis, the assessments on
circulating uPAR and liver stiffness of BA have never been documented.

Research frontiers

Recent evidences demonstrate the significance of urokinase plasminogen
activator receptor in hepatitis, liver fibrosis, and liver failure. The current study
shows that circulating uPAR levels are more elevated in BA children than in
control subjects. Moreover, uPAR level is correlated with liver stiffness, and
clinical outcomes in postoperative BA.

Innovations and breakthroughs

BA children exhibited significantly higher circulating uPAR and liver stiffness
values than control subjects. Circulating uPAR and liver stiffness values were
more pronounced in jaundiced BA children than in non-jaundiced BA children.
Additionally, elevated circulating uPAR levels were associated with hepatic
dysfunction and clinical outcomes.

Applications

Increased circulating uPAR and liver stiffness values were was associated
with hepatocellular dysfunction in postKasai children affected with BA. As a
consequence, circulating uPAR and liver stiffness measurements could be used
as noninvasive biological markers indicating the progression and prognosis of
liver fibrogenesis in BA children.

Terminology

UPAR also known as CD87, is a multidomain membrane protein that has a role
in the regulation of cell migration, proliferation, and survival and is expressed
by diverse immune cells and endothelial cells, which contribute to the etiopatho-
genesis of hepatic inflammation and liver fibrogenesis.

Peer-review
Great paper that needs to be published. uPAR is known to be a substantial
factor in the etiopathogenesis of hepatic inflammation and liver fibrogenesis.
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Abstract

Background Biliary atresia (BA) is a severe chronic liver
disease characterized by progressive obstructive cholan-
giopathy of biliary tract. Heat shock protein 70 (HSP70) is
involved in protecting cells against a wide variety of stress
and plays a protective role in tissue damage. The purpose
of this study was to investigate serum HSP70 and liver
stiffness in BA and determine the association of serum
HSP70, liver stiffness, and outcome parameters in post-
Kasai BA patients.

Methods One hundred post-Kasai BA patients and 40 con-
trols were enrolled. Serum HSP70 levels were analyzed using
enzyme-linked immunosorbent assay. Liver stiffness values
were assessed by transient elastography.

Results BA patients had significantly higher serum HSP70
and liver stiffness values than controls. Serum HSP70 and
liver stiffness values were markedly elevated in BA patients
with jaundice compared to those without jaundice
(P < 0.001). Furthermore, serum HSP70 was more elevated
in BA children with portal hypertension than those without
portal hypertension (35.1 &£ 2.1 vs. 27.9 + 2.5 ng/mL,
P < 0.001). Moreover, serum HSP70 was positively corre-
lated with serum aspartate aminotransferase (r = 0.491,
P < 0.001), alanine aminotransferase (r =0.448,
P < 0.001), total bilirubin (r = 0.303, P = 0.002), alkaline
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phosphatase (r = 0.414, P < 0.001), and liver stiffness val-
ues (r = 0.455, P < 0.001). There was a negative correlation
between serum HSP70 and serum albumin (r = —0.434,
P = 0.001).

Conclusion Serum HSP70 and liver stiffness values were
higher in BA patients than controls. The increased serum
HSP70 was correlated with hepatic dysfunction in BA.
Consequently, serum HSP70 and liver stiffness could serve
as non-invasive parameters reflecting the severity in post-
Kasai BA.

Keywords Biliary atresia - Heat shock protein 70 -
Jaundice - Liver stiffness - Severity

Introduction

Biliary atresia (BA) is a chronic progressive fibroinflamma-
tory liver disorder with mysterious etiology [1]. BA is char-
acterized by impaired liver function and obstructive
cholangiopathy of both intrahepatic and extrahepatic bile
ducts [2, 3]. Extrahepatic BA is the most common form of
ductal cholestasis. Affected newborns exhibit evidence of
biliary obstruction within the first few months of life. The
etiopathogenesis of BA currently remains obscure and it
seems that multiple factors may contribute to the development
of BA. Thus far, Kasai operation has been proved as the most
effective option of surgical treatment. If left untreated, BA
children will ultimately die due to biliary cirrhosis and liver
failure. Several theories regarding the etiology of BA include
toxin exposure, virus-mediated inflammation, abnormal
inflammatory response, defective morphogenesis, genetic
mutation, and immunological dysregulation [4].

Heat shock proteins (HSPs), firstly characterized as
heat-inducible gene products, are a highly conserved
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family of stress response proteins that function as molec-
ular chaperones, mediating the folding of cellular proteins,
preventing protein aggregation, and targeting improperly
folded proteins to specific degradative pathways [5].
Expression of HSPs is increased under environmental,
physiological, and pathophysiological stress; indeed, the
exposure of cells to physical or chemical stress leads to
elevated production of HSPs, especially the heat shock
protein 70 (HSP70) family [6]. HSP70 is involved in pro-
tecting cells against a wide variety of stress. Additionally,
HSP70 plays a protective role in tissue damage: it is syn-
thesized in the liver and spleen as an acute-phase reactant
and is secreted into the circulation to promote the removal
of dead cells [7]. Recently, it has been reported that ele-
vated serum HSP70 levels have been evident in chronic
hepatitis, liver cirrhosis, and hepatocellular carcinoma [8].
It has been recently demonstrated that several cytokines
and growth factors play plausible roles in the etiopatho-
genesis of biliary atresia [9—12]. The measurements on
serum HSP70 and liver stiffness of BA have never been
reported. We postulated that serum HSP70 and liver stiff-
ness could be increased and correlated with the severity in
BA patients. Accordingly, the present research aimed to
examine serum HSP70 and liver stiffness measurements
and to investigate the correlation of serum HSP70, liver
stiffness, and outcome parameters in post-Kasia BA.

Materials and methods

The current study was approved by the Institutional
Review Board on Human Research of the Faculty of
Medicine, Chulalongkorn University, and was conducted in
accordance with the ethical guidelines of the Declaration of
Helsinki. All parents of children were informed of the
study’s purpose and of any interventions involved in this
study. Written informed consent was acquired from the
parents prior to the children entering the study.

Study population

One hundred BA patients (50 boys and 50 girls with mean
age of 8.1 £ 0.5 years) and 40 healthy children (18 boys
and 22 girls with mean age of 7.9 £ 0.2 years) were reg-
istered in this study. None of them had undergone liver
transplantation. Healthy controls attending the Well Baby
Clinic at King Chulalongkorn Memorial hospital for vac-
cination had normal physical findings and no underlying
disease. BA patients were classified into two groups
according to their serum total bilirubin (TB). According to
their jaundice status, BA children were divided into a non-
jaundiced group (TB <2 mg/dL, n = 58) and a persistent
jaundiced group (TB >2 mg/dL, n = 42). Furthermore,
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portal hypertension (PH) was assessed by the presence of
ascites and/or esophageal varices observed on endoscopy.
Forty-eight children had no portal hypertension but the
remaining 52 did.

Laboratory methods

Samples of peripheral venous blood were collected from
every participant, and were stored at —80 °C for further
analysis. Double-blind quantitative assessment of serum
HSP70 was performed using commercially available
enzyme-linked immunosorbent essay (ELISA) (Quan-
tikine, R&D Systems, Minneapolis, MN, USA).
According to the manufacturer’s protocol, recombinant
human HSP70 standards and serum samples were added
into each well, which has been pre-coated with specific
antibody to HSP70. After incubating for 2 h at room
temperature, every well was washed thoroughly with
wash buffer. Then, HSP70 conjugate was pipetted into
each well and incubated for 2 h at room temperature.
After 4 washes, substrate solution was added into the
wells and the microplate was incubated for 30 min at
room temperature with protection from light. Lastly, the
reaction was stopped by the stop solution and the optical
density was determined using an automated microplate
reader at 450 nm. A standard optical density—concentra-
tion curve was drawn for the determination of HSP70
concentration. The liver function tests including serum
albumin, total bilirubin (TB), direct bilirubin (DB),
aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), alkaline phosphatase (ALP), prothrombin
time (PT), and international normalized ratio (INR) were
measured using a Hitachi 912 (Roche Diagnostics, Basel,
Switzerland) automated machine at the central laboratory
of our hospital.

Liver stiffness measurement

Transient elastography (Fibroscan, Echosens, Paris,
France) measured the liver stiffness between 25 to 65 mm
from the skin surface, which is approximately equivalent to
the volume of a cylinder of 1 cm diameter and 4 cm length.
The measurements were performed by placing a transducer
probe of Fibroscan on the intercostal space at the area of
the right lobe of the liver with patients lying in a dorsal
decubitus position with maximum abduction of the right
arm. The target location for measurement was a liver
portion that was at least 6 cm thick, and devoid of major
vascular structures. The measurements were performed
until ten validated results had been obtained with a success
rate of at least 80%. The median value of ten validated
scores was considered the elastic modulus of the liver, and
it was expressed in kilopascals (kPa).
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Statistical analysis

Statistical analysis was performed using the SPSS version
22.0 statistical software package (SPSS Inc., Chicago, IL,
USA). Comparisons of demographic and clinical parame-
ters between groups were performed using Chi-square and
Student’s unpaired ¢ test when appropriate. Correlation
between numerical data was acquired using Pearson’s
correlation coefficient (r). Data were expressed as
mean =+ standard error of the mean (SEM). All the P values
<0.05 based on a two-tailed test were considered statisti-
cally significant.

Results

Comparison between BA children and control
subjects

One hundred postoperative BA children and 40 ethnically
matched unaffected volunteers were prospectively recrui-
ted in the present study. The baseline features of BA
children and control subjects are displayed in Table 1.
There was no significant difference of age and gender
between case and control groups. However, serum HSP70
levels were significantly higher in BA children than in
control subjects (31.3 £19 wvs. 23.2 £ 3.9 ng/mL,
P =0.02) (Fig. 1). Furthermore, BA group had remark-
ably greater liver stiffness values than control group
(274 £ 2.4 vs. 42 £ 0.2 kPa, P < 0.001).
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Fig. 1 Comparison of serum HSP70 levels in post-Kasai BA children
and healthy controls. The data were expressed as mean + SD

Comparison between jaundiced group and non-
jaundiced group of BA children

Biliary atresia children were subdivided into jaundiced
group (n = 42) and non-jaundiced group (n = 58). The
clinical characteristics and biochemical features of patients
according to jaundice status are demonstrated in Table 2.
Jaundiced BA children exhibited notably higher serum
HSP70 levels than non-jaundiced BA children (39.8 £ 2.6
vs. 25.1 &= 2.4 ng/mL, P < 0.001) (Fig. 2). Additionally,
mean liver stiffness measurement of jaundiced BA group
was substantially elevated compared with that of non-
jaundiced BA group (46.8 3.6 vs. 13.3 £ 1.7 kPa,
P < 0.001).

Subsequent analysis revealed that circulating HSP70
was more elevated in BA children with PH than those
without PH (35.1 £ 2.1 vs. 27.9 £ 2.5 ng/mL, P < 0.001)

Table 1 Demographic data,

biochemical characteristics, and Variables BA (n = 100) Controls (n = 40) P value

liver.stiffn.ess scores of biliary Age (years) 81+ 05 79 402 0.2

atresia patients and healthy

controls Gender (female: male) 50:50 22:18 0.4
Albumin (g/dL) 43+ 0.1 - NA
Total bilirubin (mg/dL) 25+ 04 - NA
Direct bilirubin (mg/dL) 2.1 +£0.3 - NA
AST (IU/L) 138.1 = 11.0 - NA
ALT (IU/L) 1346 + 11.4 - NA
ALP (IU/L) 429.0 £+ 30.3 - NA
Platelet count (10°/mm?) 150.1 + 133 - NA
Prothrombin time (s) 124 £ 0.2 - NA
INR 1.1 £0.0 - NA
APRI 294+04 - NA
Liver stiffness (kPa) 274 +£24 42 +0.2 <0.001
HSP70 (ng/mL) 313+ 19 232+ 39 0.02

The data were expressed as mean &= SEM

BA biliary atresia, AST aspartate aminotransferase, ALT alanine aminotransferase, ALP alkaline phos-
phatase, APRI aspartate aminotransferase to platelets ratio index, HSP70 heat shock protein 70, NA not
applicable, INR international normalized ratio
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Table 2 Comparison between biliary atresia patients with and without jaundice

Variables BA patients with jaundice (n = 42) BA patients without jaundice (n = 58) P value
Age (years) 8.2 + 0.8 8.0 £ 0.7 0.5

Gender (female: male) 21:21 29:29 0.5

Albumin (g/dL) 38 £0.1 45+ 0.1 <0.001
Total bilirubin (mg/dL) 5.1+ 1.0 0.6 £ 0.1 <0.001
Direct bilirubin (mg/dL) 45+ 0.6 0.3 +£0.1 <0.001
AST (IU/L) 215.7 £ 17.0 79.9 £ 8.3 <0.001
ALT (IU/L) 201.3 +£ 19.5 84.5 + 9.1 0.005
ALP (IU/L) 599.5 £ 50.0 299.5 + 26.5 <0.001
Platelet count (10°/mm?®) 111.0 £ 19.3 1745 £ 16.9 0.007
Prothrombin time (s) 133+ 0.3 11.8 +£ 0.2 <0.001
INR 1.2+ 0.0 1.0 £ 0.0 <0.001
APRI 49+ 0.5 1.6 £ 0.3 <0.001
Liver stiffness (kPa) 46.8 + 3.6 133 +£ 1.7 <0.001
HSP70 (ng/mL) 398 £ 2.6 25.1 £ 24 <0.001

The data were expressed as mean == SEM

BA biliary atresia, AST aspartate aminotransferase, ALT alanine aminotransferase, ALP alkaline phosphatase, APRI aspartate aminotransferase to

platelets ratio index, HSP70 heat shock protein 70, INR international normalized ratio

150 P<0.001
- P<0.001
- A L]
£ A
2100 .
=3 L]
= .
2 "
e 50 £ "un ‘Sofee’
2 A A‘ am lan® oo °®
g L] O
) e o
0 L}
Controls No jaundice Jaundice

Fig. 2 Comparison of serum HSP70 levels in jaundiced BA children,
non-jaundiced BA children, and controls. The data were expressed as
mean £ SD

150 P<0.001
= . P<0.001
£ A
100 .
b=y .
~
[ - L]
%)
T 5o A s
S -.. "am
u
n ]
0 w
Controls No PH PH

Fig. 3 Comparison of serum HSP70 levels in BA children with PH,
BA children without PH, and controls. The data were expressed as
mean £+ SD

(Fig. 3). Moreover, serum HSP70 was positively associated

with serum AST (r = 0.491, P < 0.001), ALT (r = 0.448,
P < 0.001), TB (r = 0.303, P = 0.002), ALP (r = 0.414,

@ Springer

P <0.001), and liver stiffness values (r = 0.455,
P <0.001) in BA children (Fig. 4). However, serum
HSP70 was negatively associated with serum albumin level
(r = —0.434, P = 0.001) (Fig. 4).

Discussion

Biliary atresia (BA) is a severe chronic cholestatic liver
disease of unknown etiology in young infants [1]. BA
patients initially develop neonatal jaundice due to hepatic
cholestasis and progress to hepatic fibrosis leading to bil-
iary cirrhosis [1-3]. Although no medical therapies exist,
sequential treatment strategy involving surgical Kasai
portoenterostomy and liver transplantation is the only
option for the most affected children. The precise patho-
genesis of biliary atresia remains a matter of debate. In
recent years, serum HSP70 has been shown to be involved
in chronic liver disorders, including chronic hepatitis, liver
cirrhosis, and hepatocellular carcinoma [8]. Based on our
experience, there have never been any studies regarding
serum HSP70 and hepatic fibrosis in various degrees of
post-Kasai BA.

The current study is the first to reveal that serum HSP70
and liver fibrosis values were significantly greater in BA
children than in control subjects. Furthermore, serum
HSP70 in jaundiced BA children was substantially
increased with respect to that in non-jaundiced BA chil-
dren. Increased serum HSP70 levels were directly corre-
lated with total bilirubin, AST, ALT, ALP in postoperative
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Fig. 4 Scatter diagram and correlation analysis in biliary atresia patients. Serum HSP70 levels are correlated with a serum aspartate
aminotransferase, b serum alanine aminotransferase, ¢ serum total bilirubin, d serum alkaline phosphatase, e serum albumin, and f liver stiffness
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BA children, implying that serum HSP70 is related to
degree of jaundice in BA children. In addition, the degree
of jaundice is possibly linked to the severity of intrahepatic
biliary obliteration. Both AST and ALT are extensively
used as biochemical parameters of hepatic abnormality
indicating liver cell injury. Therefore, the findings suggest
that HSP70 may play a vital role in the mechanism of liver
cell injury in postoperative biliary atresia, and it would be
associated with the severity of bile duct obliteration. Serum
HSP70 might be applied as a simple, affordable, non-in-
vasive biomarker for determining the hepatic dysfunction
in BA.

The present investigation showed that serum HSP70 was
more pronounced in BA children than control subjects. In
line with this observation, it has been documented that
HSP70 expression was more elevated in advanced hepa-
tocellular carcinoma than in early hepatocellular carcinoma
[13]. In addition, Molvarec and colleagues reported that
increased serum HSP70 levels seemed to reflect systemic
inflammation, oxidative stress, and hepatocellular injury in
preeclampsia [14]. Furthermore, immunohistochemical
study revealed that HSP70 was observed in both advanced
and early hepatocellular carcinoma and was less likely to
be positive in the regenerative nodule in cirrhotic liver
[15].

In light of our findings, certain hypotheses could explain
high serum HSP70 in jaundiced BA children. Firstly, the
release of HSP70 in the injured liver could be account-
able for the increased circulating HSP70. Secondly, the
elevation of serum HSP70 may be attributable to the
unbalance between HSP70 synthesis and HSP70 clearance.
The reduction of HSP70 destruction in BA children with
liver fibrosis could result in the elevated circulating HSP70.
Decreased pre-systemic hepatic metabolism could explain
the increased HSP70 levels in serum BA children with
hepatic dysfunction. Besides, other tissues outside the liver
could synthesize and release HSP70 into the blood. The
rising serum level of HSP70 is likely ascribed to the results
of hepatocellular injury and further liver fibrosis. Whether
increment of serum HSP70 in BA children indicates low
destruction, high production, or both remain uncertain.
Higher circulating HSP70 in BA children with PH may be
ascribed to a decreased first-pass effect or portal-systemic
shunting. Further research will be necessary to clarify the
molecular basis leading to increased circulating HSP70.

In the current study, there was no difference in serum
HSP70 between non-jaundiced BA cases and control sub-
jects. No difference in circulating HSP70 was evidenced
between BA children without PH and control subjects.
These data imply that the elevated circulating HSP70 may
be an epiphenomenon of bile duct obliteration or hepato-
cellular damage rather than biliary atresia by itself, as it is
known that even non-jaundiced BA subjects have
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advancing disease process as observed by their ongoing
abnormal hepatic enzymes. It can be pointed out that cir-
culating HSP70 is increased in jaundiced BA subjects and
advanced hepatic dysfunction from unsuccessful Kasai
portoenterostomy and that circulating HSP70 levels were
comparable in non-jaundiced BA children who achieved
adequate biliary drainage after surgery and control sub-
jects. The exact reason for this observation is still enig-
matic, but this would be due to a variety of different
subjects within the group in our study. The potential
mechanisms of high circulating HSP70 in BA are worth
further investigation.

Certain limitations should be acknowledged in the pre-
sent study. Firstly, the numbers of patients and controls
were relatively small. This may reduce the statistical power
of these results. Secondly, the cross-sectional design of this
study excludes definite information relating the causal
relationship. Thirdly, inadequate measurement of some
confounding factors including co-morbidity should be
beared in mind. Further experimental investigation should
collect prospective measurements of these data to prevent
reverse causality bias. Moreover, one source of weakness
in this study was the paucity of pediatric end stage liver
disease (PELD) scores. More research is also required to
evaluate the PELD value for predicting of chronic liver
disease severity. Besides, high circulating HSP70 levels
have been shown to be associated with inflammation or
stress condition and these may affect the analysis [14, 16].
Furthermore, this study was limited to the participants
under follow-up at our hospital. Consequently, our findings
might not be applied to participants in other populations.
Lastly, liver expression of HSP70 has not been determined.
Additional researches on immunohistochemical study of
hepatic HSP70 could offer better understanding on the
molecular basis of HSP70 in post-Kasai BA.

To summarize, this investigation showed that serum
HSP70 and liver stiffness values were significantly higher
in BA cases than in control participants. Serum HSP70
levels were more pronounced in jaundiced BA cases than
in non-jaundiced BA cases. Additionally, increased serum
HSP70 levels were associated with liver stiffness and
clinical outcomes in post-Kasai BA. Serum HSP70 and
liver stiffness could be considered as non-invasive
parameters identifying the disease severity of liver fibro-
genesis in post-Kasai BA subjects. Considerably more
work will need to be done to determine the importance of
HSP70 in the pathogenesis of liver fibrogenesis in biliary
atresia.
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ABSTRACT

Background. Autotaxin (ATX) is a secreted glycoprotein that is involved in the
development of hepatic fibrogenesis via the enzymatic production of lysophosphatidic
acid. The aim of this study was to investigate hepatic expression of ATX in biliary atresia
(BA) compared with non-BA liver controls and to examine the association between ATX
expression and clinical outcome in BA.

Methods. Liver specimens from BA infants (n = 20) were compared with samples
from infants who underwent liver biopsy for reasons other than BA (n= 14) served as
controls. Relative mRNA and protein expression of ATX were quantified using real-time
polymerase chain reaction (PCR) and immunohistochemistry. Masson’s Trichrome
staining was performed to determine the degree of liver fibrosis.

Results. Quantitative real-time PCR demonstrated overexpression of ATX mRNA in
BA livers. In immunohistochemical evaluation, ATX was positively stained on the
hepatic parenchyma and the biliary epithelium in BA patients, as compared to non-BA
controls. The immunostaining score of ATX in BA livers was also significantly higher

Submitted 19 February 2018 than that observed in non-BA livers (P < 0.001). Subgroup analysis revealed that ATX
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INTRODUCTION

Biliary atresia (BA) is a neonatal cholestasis disease that is characterized by fibrosclerosing
and inflammatory obliteration of the biliary tracts, which leads to progressive liver damage
(Hartley, Davenport ¢» Kelly, 2009). Kasai portoenterostomy (KPE), the primary treatment
for BA, establishes good bile flow and facilitates long-term survival. However and even
after timely KPE, a number of infants are at risk of developing new biliary obstruction
that could lead to chronic cholestasis, increased fibrosis, cirrhosis, and eventually to
end-stage liver disease. As such, BA is the leading cause of liver transplantation in children.
Although the precise pathogenesis of BA remains elusive, possible etiologies include
viral infection, toxins, chronic inflammatory or immune-mediated bile duct injury, and
abnormalities in bile duct development (Bezerra, 2005). Increased understanding of what
causes inflammatory cholangiopathy in BA could lead to therapies aimed at protecting the
intrahepatic biliary system from inflammation-mediated fibrosis. However, the molecular
mechanisms involved in the pathogenesis of liver fibrosis in BA have not yet been fully and
clearly established. Hepatic fibrosis is a reversible physiologic and pathologic event, and
the possible role of cytokine-mediated pathogenesis in this disorder is of great interest to
many researchers.

Autotaxin [ATX; ectonucleotide pyrophosphatase/phosphodiesterase family member
2 (ENPP2)] is a secreted lysophospholipase D that generates the lipid mediator
lysophosphatidic acid (LPA) from extracellular lysophospholipids—predominantly from
lysophosphatidylcholine (Tokumura et al., 2002). ATX-LPA signaling has been implicated
in multiple biological and pathophysiological processes, including vasculogenesis,
cholestatic pruritus, tumor progression, and fibrosis via 6 distinct G-protein-coupled
LPA receptors (LPAR1-6) (Umezu-Goto et al., 2002). Ikeda et al. (2003) Tkeda et al.,
identified a potential link between the ATX-LPA axis and liver fibrosis when they found
that intradermal LPA induces hepatic stellate cell (HSC) proliferation, stimulates their
contraction, and inhibits their apoptosis. HSCs are known as prototypic profibrogenic
cells in the hepatic parenchyma. After transformation into myofibroblasts in response to
a liver injury, HSCs start to produce abundant extracellular matrices and profibrogenic
cytokines, such as ATX-derived LPA. In addition, both LPA and ATX concentrations
were increased in chronic hepatitis C patients with liver fibrosis (Watanabe et al., 2007).
The ATX-LPA axis has also been reported to be up-regulated in human hepatocellular
carcinoma (Park et al., 2011; Wu et al., 2010), thereby establishing the possible influence of
ATX in inflammation-related hepatic fibrosis disorders like biliary atresia.

Although circulating ATX levels have been shown to be associated with liver fibrosis,
there is limited information on ATX expression in liver tissue and regarding the association
between ATX expression and BA outcomes. Accordingly, the aim of this study were to
investigate mRNA and protein expression of ATX in liver tissues from BA patients compared
with non-BA controls and to evaluate whether hepatic ATX expression is associated with
outcome parameters in BA infants.
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MATERIALS AND METHODS

Patients and liver specimens

The study protocol conformed to the ethical standards outlined in the Declaration of
Helsinki and was approved by the Institutional Review Board of the Faculty of Medicine,
Chulalongkorn University (IRB No. 549/57). All parents of children were fully informed
regarding the study protocol and procedures prior to the children entering the study.
Written informed consent was obtained from the participants’ parents.

Perioperative liver biopsies were obtained from 20 BA infants at the time of KPE and 14
non-BA patients at the Department of Surgery, King Chulalongkorn Memorial Hospital
during the July 2005 to July 2007 study period. All BA infants were invited to participate in
this study based on the following criteria: (1) diagnosis of type 3 (uncorrectable) isolated
BA and they underwent Kasai procedure; (2) availability of clinical details and long term
follow-up after surgery; and (3) availability of archived glass slides or paraffin blocks of
wedge liver specimens taken at KPE. Infants diagnosed with BA or non-BA were included
based on clinical, cholangiographic, and histologic findings. Non-BA patients with no
history of immune-mediated diseases served as controls. Non-BA control samples were
collected from 6 patients with choledochal cyst, 4 patients with thalassemia, 3 patients with
neuroblastoma, and 1 patient with hepatoblastoma. Liver biopsies taken from non-BA
controls were obtained during procedures that were required for medical reasons. Liver
specimens from age-matched healthy controls could not be obtained due to ethical concerns
about harvesting liver tissue from healthy infants.

Demographic and clinical data collected at the time of KPE included age, albumin,
total bilirubin (TB), and alanine aminotransferase (ALT). Laboratory investigations
were performed on a Roche Hitachi 912 chemistry analyzer (Roche Diagnostics, Basel,
Switzerland). In order to associate ATX hepatic expression with outcome at 6 months
post-Kasai in BA, the infants were divided into good outcome and poor outcome based
on their levels of serum TB, ALT, and clinical findings. Nine patients with good outcome
had good bile flow after KPE. The stool color turned from pale to yellowish for 6 months
following successful surgery. The serum TB returned to normal with satisfactory liver
function (TB < 2 mg/dL, ALT < 100 IU/L). Another 11 patients with poor outcome had
cholestasis after 6 months KPE and severe liver dysfunction (TB > 2 mg/dL, ALT > 100
IU/L).

RNA extraction and quantitative real time-PCR for mRNA expression
of ATX

Of 20 BA infants and 14 non-BA controls, 15 BA livers and 5 non-BA liver specimens
(choledochal cyst) were snap-frozen in liquid nitrogen-cooled isopentane and stored at
—80 °C and only available for ATX mRNA expression. Total RNA was isolated from
liver biopsies using RNeasy Mini Kit (Qiagen, Hilden, Germany) with cDNA that was
reverse transcribed using TagMan Reverse Transcription Reagents (Applied Biosystems,
Inc., Foster City, CA, USA). Real-time PCR was performed using QPCR Green Master
Mix HRox (biotechrabbit GmbH, Hennigsdorf, Germany) on StepOnePlus Real-Time
PCR System (Applied Biosystems, Inc., Foster City, CA, USA). Primers used for ATX
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and glyceraldehyde 3-phosphate dehydrogenase (GADPH ) amplification were, as follows:
ATX forward primer 5-CGTGGCTGGGAGTGTACTAA-3'; ATX reverse primer 5'-
AGAGTGTGTGCCACAAGACC-3', as previously described (Kondo et al., 2014); GADPH
forward primer 5'-GTGAAGGTCGGAGTCAACGG-3'; and, GADPH reverse primer 5'-
TCAATGAAGGGGTCATTGATGG-3'. Real-time PCR was performed, as follows: (initial
step) 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 sec, and then 60 °C for 1 min.
Relative mRNA expression of ATX was normalized to GADPH as an internal control and
was determined using 2~42¢" method.

Masson’s Trichrome staining

Masson’s Trichrome staining was conducted according to the manufacturer’s protocol
(Genmed Scientifics, Wilmington, DE). The collagen fiber was stained blue, the nuclei
were stained black, and the background was stained red. Liver fibrosis was evaluated
according to the Metavir grading system (Bedossa ¢ Poynard, 1996) as follows: F0, no
fibrosis; F1, mild fibrosis in the portal area; F2, mild bridging fibrosis in the adjacent portal
area; F3, severe bridging fibrosis in the adjacent portal area; and F4, cirrhosis and annular
fibrosis with nodule formation.

Immunohistochemical analysis for protein expression of ATX

All liver specimens of 20 BA patients and 14 non-BA controls were paraffin-embedded and
then sectioned according to standard protocols. Routine staining with hematoxylin and
eosin, and immunohistochemical staining with antibodies was performed to detect protein
expression of ATX (Merck Millipore, Darmstadt, Germany). For ATX staining, cells with
brown stained cytoplasm were scored as positive. All tissue sections were analyzed by a
pathologist who was blinded to patient clinical status and diagnosis. Immunoreactivity of
ATX in the biliary epithelium and the parenchyma was semi-quantitatively analyzed for
percentage of positive cells and intensity of staining. A percentage of positive cells <1% was
scored as 0; 1%-25% as 15 >25%-50% as 2; >50%—75% as 3; and, >75% as 4. Intensity of
ATX immunostaining was determined using the following staining scores: 0, no staining;
1, weak staining; 2, moderate staining; and 3, strong staining. Final results were scored by
the total score [total scores = ((score of positive cell+score of intensity) x 100)/maximum
score of both parameters]. Using the aforementioned staining scores, the positive areas
of ATX positive cells were determined by measuring five randomly selected microscopic
fields (400x ) on each slide.

Statistical analysis

All statistical analyses were performed using SPSS Statistics version 22.0 (SPSS, Inc.,
Chicago, IL, USA). Demographic and clinical characteristics between groups were
evaluated using Chi-square tests and unpaired Student’s ¢-tests where appropriate. The
comparisons of ATX expression between groups were performed by Mann—Whitney

U -tests. Correlations were analyzed by Spearman’s rank correlation. The curves for
survival were drawn according to the Kaplan—-Meier analysis with end points of death.
The differences of survival curves were determined using log-rank test. Data are presented
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Table 1 Demographic and clinical characteristics of BA patients and non-BA controls.

Characteristics BA patients Non-BA controls P-value
(n=20) (n=14)

Age (days) 91.1£7.0 897.5 £+ 315.2 <0.01

Gender (female:male) 12:8 8:6 0.6

Albumin (g/dL) 4.1+£0.1 42+0.3 0.3

Total bilirubin (mg/dL) 122+ 0.8 NA -

ALT (IU/L) 191.8 £ 25.8 NA -

Hepatic ATX expression (%) 50.0 £5.9 134 £5.0 <0.001
Notes.

Data presented as mean £ SEM.

P-value < 0.05 indicates a statistically significant difference in clinical data between BA patients and non-BA controls at the
time of Kasai portoenterostomy (KPE).

Abbreviations: BA, biliary atresia; ALT, alanine aminotransferase; ATX, autotaxin; NA, Data not available; SEM, stan-
dard error of the mean.

as mean =+ standard error of the mean (SEM). A P-value < 0.05 was considered to be
statistically significant for differences and correlations.

RESULTS

Clinical characteristics of study participants

Baseline characteristics of BA infants and non-BA controls are summarized in Table 1.
There was no statistically significant difference in gender ratio between BA patients and
non-BA controls. All non-BA participants had no clinical jaundice. The diagnosis of
non-BA subjects included 6 choledochal cysts, 4 thalassemias, 3 neuroblastomas, and 1
hepatoblastoma.

Relative mRNA expression of ATX

To identify mRNA expression of ATX in infants with BA, relative ATX mRNA expression
was quantified by real-time polymerase chain reaction (PCR) in liver biopsies from BA
patients (n = 15) and non-BA controls (n =5). Relative ATX mRNA expression was found
to be significantly higher in BA livers than non-BA liver controls (P < 0.05) (Figs. 1A; 1B).

Immunohistochemistry analysis of ATX protein expression
Immunohistochemical evaluation for ATX protein expression was performed in both
BA and non-BA liver tissues. Representative immunohistochemical findings of ATX are
illustrated in Fig. 2. In congenital BA liver specimens, overexpression of ATX was detectable
in the hepatic parenchyma, biliary epithelial cells, and cells of the surrounding connective
tissue. In contrast, ATX expression was only scarcely evident in non-BA control livers,
being demonstrated as faint cytoplasmic staining (Fig. 2A). The distribution of ATX in
positive cells was classified as cytoplasm-localized pattern.

In order to compare expression levels of ATX protein between BA patients and non-BA
controls, staining intensity and percentage of ATX positive cells were assessed by visual
scoring method. In BA livers at the time of KPE, hepatic ATX protein expression was
significantly higher than that in non-BA controls when measured by the total score of
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Figure 1 Relative ATX mRNA expression between BA livers and non-BA liver controls. (A) Up-
regulated mRNA expression of ATX normalized by GAPDH in livers from BA infants. (B) Representative
gel of ATX and GAPDH products from real-time PCR analysis. Abbreviations: M, molecular weight

marker; NC, non-template control.
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staining on histologic liver sections (P < 0.001) (Fig. 3A). There was no association
between ATX mRNA and protein expression in BA livers.

Hepatic ATX protein expression in BA subgroups

To determine whether hepatic ATX protein expression would be associated with poor
outcomes in BA patients, we classified BA children according serum TB, liver enzymes,
and clinical findings at 6 months post-Kasai into patients with poor outcome (n=11)
and patients with good outcome (1 =29). Table 2 demonstrates the clinical characteristics
of the BA subgroups based on clinical outcome at 6 months post-operation. Subsequent
analysis demonstrated the mean immunoreactive score of ATX protein expression in BA
patients with poor outcome was significantly greater than in patients with good outcome
(P =0.03) (Fig. 3B). We further analyzed the correlation between hepatic ATX protein
expression and markers of liver function in BA patients. The results showed no association
between hepatic ATX protein expression and liver function parameters in BA infants at the
time of KPE.

Increased hepatic ATX protein expression and liver fibrosis
The portal areas illustrated various degrees of fibrosis, but fibrous septa were generally
broad with lobular extension (Fig. 4A). The liver fibrosis grade was FO in 5 cases,
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Figure 2 Immunohistochemical staining for ATX protein expression. Specific staining of ATX protein
is represented by brown coloration. Expression of ATX in BA livers was observed mostly in the hepatic
parenchyma (arrows) and biliary epithelium (arrowheads). ATX staining scores were defined, as follows.
(A) 0 = no expression of ATX in a liver used as a control. (B) 1 = mild expression of ATX in BA liver.
(C) 2 = moderate expression of ATX in BA liver. (D) 3 = strong expression of ATX in BA liver. (Original
magnifications 400X ).

Full-size & DOLI: 10.7717/peerj.5224/fig-2

Table 2 Demographic and clinical characteristics of BA patients based on clinical outcome at 6
months post-Kasai.

Characteristics BA patients with poor BA patients with good P-value
outcome (n=11) outcome (n=09)
Age at operation (days) 98.2+11.3 77.0 £ 4.9 0.1
Gender (female:male) 6:5 6:3 0.4
Albumin (g/dL) 3.54£0.2 4.14+0.1 <0.05
Total bilirubin (mg/dL) 57+1.7 0.440.1 <0.001
ALT (IU/L) 140.2 £27.2 82.8 = 16.2 0.01
Hepatic ATX expression (%) 61.4+5.9 36.1+9.4 0.03
Notes.

Data presented as mean &= SEM.

P-value < 0.05 indicates a statistically significant difference in clinical data between BA patients with poor outcome and good
outcome at 6 months post-Kasai.

Abbreviations: BA, biliary atresia; ALT, alanine aminotransferase; ATX, autotaxin; SEM, standard error of the mean.
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Figure 3 Hepatic ATX protein expression in study subjects between different groups. (A) Hepatic ATX
expression in BA patients and non-BA patients. (B) Hepatic ATX expression in BA patients with poor out-

come and good outcome.
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F1 in 6 cases, F2 in 7 cases, and F3 in 2 cases. As shown in Fig. 4B hepatic ATX

protein expression was positively correlated with Metavir fibrosis stage in BA; (r =0.79,

P <0.001).

Survival curve analysis

We performed Kaplan—Meier analysis to investigate the overall survival curve of all 20

BA children. The 10-year survival rate with native livers of all BA children were estimated

80%, as shown in Fig. 5A. When stratified into low and high ATX protein expression

using the cut-off value of 50%, the overall survival rates at 10 years were 91.7% for those
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with low expression and 62.5% for those with high expression. Survival rate was greater
in BA patients with low ATX expression than those with high ATX expression (log-rank,
X?=2.17, P =0.14) (Fig. 5B).

DISCUSSION

Despite extensive research efforts, the understanding of mechanisms that regulate biliary
atresia (BA) progression following Kasai portoenterostomy (KPE) remains unclear. Biliary
atresia causes rapidly progressive liver fibrosis and cirrhosis in neonates, and is the most
common indication for liver transplantation in children. Although the precise cause of liver
fibrosis in BA remains unclear, several cytokines have been implicated in the regulation of
hepatic fibrogenesis (Kanzler et al., 1999; Williams et al., 2000; Farrington et al., 2010; Xiao
et al., 2015; Iordanskaia et al., 2015; Klemann et al., 2016). In a previous study, we reported
association between elevation of circulating autotaxin (ATX) and poor outcomes in BA
patients—especially severity of fibrosis (Udomsinprasert et al., 2015). This is important
evidence that supports the hypothesis that ATX may serve a role as a potential biomarker
of the prognosis in BA. In the present study, we investigated mRNA and protein expression
of ATX in liver biopsies from BA infants compared with non-BA controls, and we found
up-regulated ATX mRNA in BA patients. We then performed immunohistochemical
analysis to determine protein expression of ATX and found an intense increase in ATX
staining in BA infants, predominantly in the hepatic parenchyma and biliary epithelium at
the time of KPE.

The biological outcome of ATX has been shown to induce a variety of inflammatory
phenomena via LPA activity, and its role in disease pathophysiology has been verified
in several diseases (Umezu-Goto et al., 2002), making ATX-derived LPA signaling an
attractive therapy. Indeed, emerging evidence suggests that the liver is the main source of
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ATX metabolism in both human and animal models (Ikeda ¢ Yatomi, 2012). Additionally,
ATX expression has been detected on all types of liver cells, including the biliary epithelium
(Kremer et al., 2010). This suggests the possibility of ATX having a regulatory role in the
liver. Our result demonstrated that ATX mRNA expression was up-regulated in the livers
of BA infants when compared with non-BA liver controls. This finding is consistent with a
previous investigation that reported overexpression of ATX in liver tissues of patients with
hepatocellular carcinoma (HCC) (Cooper et al., 2007), suggesting that up-regulated ATX
expression is associated with hepatic damage and liver fibrosis. In addition to up-regulation
of ATX mRNA expression in the livers of BA infants, an increase in hepatic protein
expression of ATX was also demonstrated. A recently published report also confirmed that
overexpression of ATX protein was specifically associated with inflammation and cirrhosis
in HCC patients (Wu et al., 2010). This was in agreement with our finding, implying that
ATX may play a role in inflammation that is related to progressive BA. Furthermore,
our immunohistochemistry data demonstrated positive cytoplasmic ATX expression in
inflammatory cells and biliary epithelial cells. Indeed, hepatic ATX expression varied
between different stages of cholestasis. This study also revealed that there was a positive
correlation between hepatic ATX expression and the degree of fibrosis, suggesting the
possibility of ATX as a predictive tool for discriminating between good and poor prognosis
of clinical outcome in postoperative BA. Consistent with our finding, Wunsch et al. (2016)
have demonstrated elevated ATX expression in chronic cholestatic diseases. In addition, a
recent study revealed that high ATX expression was detected in hepatocellular carcinoma
and was correlated with histological grade and survival rate (Memet et al., 2017). Rather,
ATX might be associated with the nature of BA disease itself. Thus, it is reasonable to
postulate that increased expression of ATX in BA livers might reflect a defensive response
by the body to fight against hepatic impairment, or may simply be a compensatory response
to ATX, which leads to its compensatory up-regulation.

The potential significance of elevated ATX expression in BA remains unclear. The
aberrant production of ATX may result in the altered activation of LPA signaling pathways
via G-protein-coupled LPA-receptors, and may not be limited to activation of signaling-
associated cell proliferation, migration, and apoptosis. Hepatic stellate cells (HSCs) are
known to play a major role in the fibrotic process in the liver and they may contribute to
the prognosis of BA. For this reason, multiple factors with potentially fibrogenic activities
in the liver have been evaluated due to their effects on HSC activation and apoptosis.
Regarding the potential effect of ATX-mediated LPA on HSCs, LPA has been shown to
stimulate the contractility of HSCs and to inhibit their apoptosis via Rho/Rho kinase
activation (Ikeda et al., 2003; Yanase et al., 2003). Although ATX may not play a primary
role in the pathogenesis of liver fibrosis, it may accelerate fibrogenesis by stimulating the
proliferation of HSCs in patients with liver fibrosis via its ability to produce LPA. This
hypothesis has been supported by the recent observation that specific ATX transgenic
overexpression and/or gene disruption from hepatocytes in mice models of chronic liver
injury established a liver profibrotic role for ATX/LPA (Kaffe et al., 2017). A more recent
study by Bain et al. (2017) found that a selective ATX inhibitor (PAT-505) markedly
reduced liver fibrosis in mouse models. From those findings, we observe that hepatic ATX
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expression was associated with an adverse clinical outcome in BA, which lends support to
the hypothesis that inhibiting ATX as part of an antifibrotic model could serve as a novel
therapeutic approach for treatment of hepatic fibrosis in BA patients. Taken together,
the aforementioned findings suggest that the aberrant expression of ATX may be used
as a promising biomarker for predicting the progression and prognosis of biliary atresia
after Kasai portoenterostomy. Further experiments that isolate biliary epithelial cells and
HSCs from BA livers will be required to determine the precise biological and pathological
significance of the findings and observations presented in this report.

This study has some mentionable limitations. The most notable limitation is the fact
that we were unable to obtain age-matched liver tissue from healthy infants due to ethical
considerations. The limited availability of frozen liver biopsies from non-BA controls
could have posed significant challenges to the study. Second, the sample size of our study
population is relatively small. This is due, in large part, to the fact that BA is a relatively
rare disorder. The limited number of subjects makes it challenging to show significant
correlations of all parameters in BA patients. Future larger scale, multicenter studies
should be conducted to verify our conclusions. Another caveat is the lack of data regarding
the circulating ATX levels, total serum bile salt levels, and cholestatic pruritis. We recognize
that these could be addressed by prospective longitudinal multicenter cohorts. Further
research of costaining on BA liver specimens will identify the cellular fractions expressing
ATX. Finally, the causal association between hepatic ATX expression and BA was not
fully addressed in the study. Additional research is required to evaluate whether increased
hepatic ATX expression is causally related to progressive BA or whether it is simply a
compensatory response to the disease.

CONCLUSIONS

The current study presents evidence of the up-regulation of ATX mRNA expression in
liver specimens of BA patients, as compared to specimens from livers of non-BA controls.
ATX was expressed not only in the hepatic parenchyma, but also in biliary epithelial cells
of BA infants at the time of KPE. These findings suggest that ATX expression could be
related to liver fibrosis and outcome in biliary atresia. Further investigations examining
the possible effect of selective ATX inhibitors on inflammation and progression of liver
fibrosis in BA are needed for the development of non-transplant therapeutic strategies to
prevent the progression of this devastating disease in affected infants.
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