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Abstract — Activation of the epidermal growth factor recep(&GFR) plays an important role in liver regeneratard
resistance to acute injury. However its chronicivation participates in the progression of liversatise, including
fibrogenesis and malignant transformation. Hepéditolpi disease represents a constant feature irclihially relevant
FecH"P3FecH"P®sgenetic model of erythropoietic protoporphyria EBPSimilarly, chronic administration of griseofiriv
to mice induces pathological changes similar te¢hfound in patients with EPP-associated liverrinjWe investigated the
hepatic expression of the EGFR and its seven mdstamt ligands in FetHP2JFech™P?s mice bred in three different
backgrounds, and in griseofulvin-induced protopgrizh We observed that the expression of amphimeghétacellulin and
epiregulin was significantly increased in young ERRe when compared to aged-matched controls ingetietic
backgrounds. The expression of these ligands veastaested in older (11 months) BALB/cJ EPP mice, iamés found to
remain induced, while that of the EGFR was downratgal. Griseofulvin feeding also increased the esgiom of
amphiregulin, betacellulin and epiregulin. Inteirgly, protoporphyrin accumulation in cultured hgpaAML-12 cells
readily elicited the expression of these three EG&&hds. Our findings suggest that protoporphycnld directly induce
the hepatic expression of EGFR ligands, and that gmeonic upregulation might participate in thethmmenesis of EPP-
associated liver disease.

Key words: Erythropoietic protoporphyria, protoporphyrin, lagbiliary disease, amphiregulin, betacellulin,regilin,
epidermal growth factor receptor.

plasma. Protoporphyrin is so hydrophobic that it
INTRODUCTION is excreted only in bile. In a minority of patients
o _ _ bile canalicular sludging may result in
Erythropoietic protoporphyria (EPP) is anyrogressive cholestasis, which is associated with
autosomal dominant disease that results frofjarked protoporphyrin accumulation that can
deficient activity of ferrochelatase (Fech), thetla begin insidiously, and distorted lobular
enzyme of the heme synthesis pathway (2). Thgchitecture in the hepatobiliary system ranging
main  clinical ~ feature is  cutaneousfrom mild inflammation to fibrosis and cirrhosis
photosensitivity  due to protoporphyrln(g’ 13, 36). Molecular analysis of the
accumulation in circulating erythrocytes and fgrrochelatase  mutations causing EPP has

Abreviat EPP. erythropoieti . hyriaAR revealed no correlation between genotype and
reviations: , erythropoietic protoporphyriaAR, o P :
amphiregulin;HB-EGF, heparin-binding epidermal growth Eepatf).blllatiy t?olm%hcatlo.ns' g?.m.:urrentf Vlr.al
factor-like growth factor; TGFa, transforming growth N€patilis, alconol abuse, iron deficiency, fasting
factor-alpha; Btc, betacellulin; Ereg, epiregulin; EGFR, 0r oral contraceptive steroids have appeared to

epidermal growth factor receptoQ-PCR, Quantitative contribute to exacerbate hepatic disease in some
polymerase chain reaction.
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EPP patients (2, 3, 37). Liver transplantation isessation of the noxious stimuli the expression of
beneficial for such patients with end-stagé¢he different EGFR ligands returns to the levels
protoporphyric liver failure (40). Long-termfound in normal liver. While this system is
survival after liver transplantation for EPP hasonsidered as an important defence mechanism
been documented. However liver transplantatidior the liver during acute tissue injury,
does not correct the erythroid metaboli@accumulating evidence suggests that its chronic
deficiency, and the new liver is susceptible tgtimulation can participate in  hepatic
protoporphyrin-induced damage (2, 13, 40). fibrogenesis and in the neoplastic conversion of
The liver displays a great capacity tahe liver (17). In this respect up-regulation of th
defend itself and to regenerate after exposure ligands AR, TGk and HB-EGF has been
hepatotropic viruses, xenobiotics, or potentiallgetected in experimental models of chronic liver
toxic endogenous metabolites (4, 5, 11, 41). Thejury as well as in liver samples obtained from
regenerative response elicited by the destructituman liver tumours (8, 16, 27, 33, 39).
of parenchymal cells is complex, and is mediatefixperimental studies provided more direct
by a network of cytokines, comitogens anevidence of the actual implication of deregulated
growth factors in a coordinate multistep proces&EGFR signalling in the progression of liver
There are at least two growth factor signalingisease. For instance, the contribution of AR to
systems that appear to be critically involved il€Cl-induced hepatic fibrogenesis has been
liver regeneration: the hepatocyte growth factaecently demonstrated using AR null mice, in
and its receptor c-Met, and the epidermal growtivhich extracellular matrix accumulation was
factor receptor (EGFR) axis (32). The EGFR is eeduced as compared to wild-type animals (35).
transmembrane receptor endowed with tyrosifdoreover, persistent overexpression of EGFR
kinase activity that can be bound and activatdijands is increasingly being recognized as an
by a broad family of ligands, and can also engagmportant step towards development of liver
in extensive crosstalk with other signallingcancer, and as a key player in the maintenance of
pathways (12). Besides the EGF, EGFR ligandke transformed phenotype of liver tumour cells
include amphiregulin (AR), transforming growth(11).
factor a (TGFo), epigen (EPGN), betacellulin Hepatobiliary disease represents a major
(Btc), heparin-binding EGF-like growth factorand constant feature in the FBERIFecH™P*
(HB-EGF) and epiregulin (Ereg)(11). Themurine model of EPP (1, 18, 30, 31, 42). In the
interaction of these ligands with the EGFRBALB/cJ background, the livers of EPP animals
triggers intracellular pathways leading to thehow protoporphyrin depositions, progressive
expression of a battery of genes involved in ceihflammation, fibrosis and cholestasis at 6 weeks
cycle  progression, apoptosis resistancef age, and the appearance of cell dysplasia and
differentiation, adhesion and cell migration. Hepatocellular carcinoma foci after seven months
Most EGFR ligands are upregulated afteof age (30). Similarly, chronic administration of
two-thirds partial hepatectomy, and it has beethe antifungal agent griseofulvin to mice induces
shown that the hepatic expression of HB-EGHathological changes similar to those found in
TGFo and AR is increased in mouse liver upomatients with EPP-associated liver injury (7, 23).
acute C(C/ intoxication, while that of AR, Ereg The aim of this study was to investigate the
and TGk is also upregulated in the clinicallyexpression profile of seven different ligands of
relevant model of Fas-mediated acute liver injurthe EGFR in the livers of FeBR*Fech"r?
(9). A number of studies have demonstrated thmice bred under three different backgrounds, and
significant hepatoprotective and pro-regenerativia the pharmacological model of EPP induced by
potential of the EGFR axis. Evidence has beemdiet containing griseofulvin.
collected using different experimental
approaches, including for instance transgenic MATERIALS AND METHODS
overexpression (TGF and HB-EGF)(25, 27),
adenoviral gene transfer (HB-EGF) (26), ORnimal models
direct intraperitoneal administration of the Male FecH'"*/Feci™*; EPP mice, bred in the

; BALB/cByJCrl (BALB/cJ) background were obtained from
recom.bmant growth factor (E.GF a.n('j AR) (gthe Jackson Laboratory (Bar Harbor, ME, USA). Arlena
19), in mOdeIS of acute liver injury andcarrying the FecHP®mutation were identified by genomic
regeneration. DNA PCR followed by enzymatic restriction digestioithw

A common observation made in theBspHI (14). Congenic strains on the C57BL/6JCrl

different models of acute liver injury is that upor{C57BL/6J) and SJLAJOrICrl (SJLA) inbred background
were kindly provided by Drs. Marie Abitbol and Xavi
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Montagutelli from the Institut Pasteur (Paris, Fe@n These ferrochelatase mutation (Fé*tlﬂaj manifest early

congenic strains were developed by repeated basdio® |;
of the BALB/cJ congenic strain with the C57BL/6J an*ver damag;e (Tabtie .1)' At 6 Weekls t.Of age’.the
SJL/J inbred strains for 10 generations. All micerevkept lver 1pa pro Oqg;'sp yr"_] accumula lo_n _m
under pathogen-free conditions in air-filtered cagend Fech™*Fecl’ animals was mild in

provided with autoclaved food and water. The mieel h BALB/cJ, medium in SJL/J, and high in those
unlimited access to water and standard laboraeed ind gnimals bred into the C57BL/6J background

were subjected to 12-hour light/dark cycles. : : :
C57BL/6J mice were fed with a diet containing 2.5(Tab|e 1). The histological features of these mice

% of griseofulvin (Harlan, Barcelona, Spain) for ad22 have b_een describe_d previously (1’ 34). The
days. The control group received the same dietouitthe expression of the different EGFR ligands was
drug. All animals were fe@d libitum and were housed in tested in the liver of EPP animals of different
filt_er-t(;pI cages to prevent cross contamination hwit genetic backgrounds at six weeks of age (Figure
griseotuivin. 1A, B and C) and at 11 months of age in the
Sacrifice and sample collection BALB/cJ baCkground. At 6 weeks of age, AR,
Mice were sacrificed by cervical dislocation at theBTC and Ereg mRNA levels were significantly
indicated ages or time of treatment. Liver was 8t jncreased in the EPP mice as compared to wild-
rinsed in ice-cold phosphate-buffered saline soiytiand ; ;
divided into fractions to be frozen in liquid nigen. All t_ype animals, Wh”e. those of the Oth?r EGFR
animal experimentation was conducted accordinghe t l9ands tested remained unchanged (Figure. 1A,
National Institute of Health Guide for the Care amske of B and C). At 11 months of age, AR, Btc and Ereg
Laboratory Animals. expression remained increased in the BALB/cJ
In vitro assays protoporphyric mice (Figure 1D). Interestingly,
The immortalized normal hepatocyte cell line AML- W€ found a significant direct corrglatlon (r=0.58,
12 (44) was routinely cultured in DMEM/F12 suppleresl  P<0.00001) between the expression levels of AR
with 10% fetal calf serum, 1% insulin/transferrelenium, and protoporphyrin contents in liver tissue
0,2% dexametasone and antibiotics. When indicaked tsamples from BALB/cJ EPP mice collected at

medium was changed to medium containing 2% fetHl cayifferent ages (from 4 weeks to 12 months, n=46)
serum. Treatments were carried out in this cultosslium 9 !

supplemented with 1 mmol/l delta-aminolevulinatédac (Figure 2).
(ALA) (Sigma, St. Louis, MO, USA) and 2mmol/l Young EPP mice from C57BL/6J and
melatonin (Sigma) as described (22). The ALA/melato SJL/J backgrounds showed reduced mMRNA
solution was freshly prepared for each assay. steady state levels for EGFR when compared to
Molecular and biochemical analyses V‘{"d‘_t)/pe animals, althoth_ statlstlcgl
Total RNA was extracted from liver tissues andSignificance was reached only in SJL/J mice
cultured cells as previously reported (9). The dyestate (Figure 1A and B). The expression of the EGFR
mRNA levels of the EGFR anz its Iigands EGF,IAR,stwaS not Changed in young animals from the
EGF, TGk, BTC, EPGN and Ereg, was analyze Vi : :
guantitative RT-PCR as previously described (9). Brjefl B.AL.B./C‘J baCkground. (Flg_ure .1C)’ but it was
the amount of each transcript was calculated asifmd ~ Significantly compromised in thiever of old EPP
difference relative to the control gene actif2whereact ~Mice (Figure 1D).
represents the difference in threshold cycle betwte Mice fed with thegriseofulvin diet showed
target alrt‘d C:”trol'l ge“ez)- ?Orﬁh¥ri” '?VE'S inrliissues increased hepatic protoporphyrin levels (Figure
and cultured cells, and circulating transaminasesrew . . . .
measured as reported before (2?, 22). Serum alanig’%‘) and CIrC_UIatmg transaminases (Figure 3B).
aminotransferase (ALT) was measured using a kinfro 1 N€ expression of AR, Btc and Ereg was found
Roche Diagnostics S.L with a Cobas Integra 400 (Roctt® be significantly enhanced in the liver of mice
Diagnostics S.L., Barcelona, Spain). fed with griseofulvin diet for 11 and 22 days
. . (Figure 3C). Conversely, the expression of the
Statistical analysis . .
The Student’s t-test was used for comparison olf:-GF_R Wa$ markedly reduced upon griseofulvin
differences. When group variances were unequaldtte feeding (Figure 3C).
were transformed logarithmically [log(1+X)] before In order to test whether the expression of
analysis. The null hypothesis was rejected when.0®0 EGFER ligands in the liver of EPP and

Pearson’s correlation coefficient (r) was compuiedest . - .
the association between protoporphyrin levels arid Agrlseofulvm fed mice could be related to the

expression in the liver. Statistical analyses weeied out accumU|ati0_n of protoporphyrin or its metabolic
with GraphPad Prism version 4 for Windows (GraphPaprecursors in the parenchyma, we treated the

Software, San Diego, CA, USA). non-transformed hepatocyte cell line AML-12
with the protoporphyrin precursor ALA as

RESULTS previously described (22). As expected AML-12
FecH™PEech™ mutant mice from cells exhibited a rapid increased in intracellular

different strains congenic for the Samé)orphyrln levels during ALA exposure (Figure
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TABLE 1. Alanine Transaminase, hepatic levels of protopatiphgnd liver weight in Normal
and FecH™P?/ Fech™P2 Mice

mlPas mlPas

BACKGROUND (age) n  Wildtype Fech™ “/Fech p
C57BL/6J (6 weeks old)
ALT (1U/l) 3 46 +8 605 + 167 p<0.001
Hepatic protoporphyrin (nmol/g Prot.) 3 49 + 39 15772 + 10099 p<0.001
Liver weight (% liver/ body weight) 3 5.2+0.9 12.4+2.85 p<0.01
SJL/J (6 weeks old)
ALT (1U/l) 3 477 483 + 167 p<0.001
Hepatic protoporphyrin (nmol/g Prot.) 3  30.6 £10.6 6256 + 1342 p<0.001
Liver weight (% liver/ body weight) 3 6.41+045 11.5+1.0 p<0.01

BALB/cJ (6 weeks old)
ALT (1U/1) 7 52+6 368 + 363 p<0.01

Hepatic protoporphyrin (nmol/g Prot.) 7 14+8 964 + 177 p<0.001

Liver weight (% liver/ body weight) 7 5.1+0.55 79+1.1 p<0.05
BALB/cJ (11 months old)

ALT (1U/l) 11 97 £ 27 166 + 180 p<0.01

Hepatic protoporphyrin (nmol/g Prot.) 11 20+10 179 + 123 p<0.001

Liver weight (% liver/ body weight) 11  7.3z%16 9.2+12 p<0.05

ALT, Serum alanine transaminase, PP: protoporphyrin. NS= not significant.
Data are expressed as mean + standard deviation.
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Figure 1. Hepatic expression of the EGFR and different EGERnlils in the liver of 6 weeks old wild-type (operd) and
FecH™P3Fech™P2 mice (closed bars) with C57BL/J (n=3 mice per gro(#), SJL/J (n=3 mice per group) (B), and
BALB/cJ backgrounds (C) (n=3 mice per group). Expassif EGFR and ligands was also measured in 11 maithEPP
mice bred into BALB/cJ background (D) (n=4 mice pesup). Amphiregulin (AR), betacellulin (Btc), epindm (Ereg),
transforming growth factor (TGFx), epidermal growth factor receptor (EGFR), epiddrgrawth factor (EGF), heparin-
binding epidermal growth factor-like growth factiB-EGF), epigen (EPGN). mMRNA levels were assayedda time
PCR. * P< 0.05, ** P<0.0lyswild-type animals.
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r =0.58, P<0.00001
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Figure 2. Correlation between hepatic levels of AR mRNA andtgporphyrin contents in Fe&2IFech™? mice bred
into BALB/cJ background (n=46, from 4 weeks to 12 therof age).
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Figure 3. Hepatic protoporphyrin levels (A), serum alaninensaminase (B), and expression of the EGFR andrefiffe
EGFR ligands (C) in the livers of C57BL/J mice fed cohor griseofulvin-containing diet (GF) during ahd 21 days (n=5

mice per group). * P< 0.08s controls. The mRNA levels were assayed by real BRG&.
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Figure 4. Intracellular protoporphyrin levels (A), and exgs®n of different EGFR ligands (B), in control (C) ALA
treated AML-12 murine hepatic cells assayed atiridecated time points. Experiments were performedriplicates. * P<
0.05vscontrols. The mRNA levels were assayed by real BGR.
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4A). The expression of the EGFR ligands ARThese animals are viable and display no overt
Btc and Ereg was significantly induced in ALAhepatic phenotype (38). However, when liver
treated cells when compared to non-exposedgeneration was induced through partial
cells, with AR showing the fastest responshepatectomy, AR null mice showed an impaired
(Figure 4B). proliferative response when compared with their
wild-type counterparts (11, 28). Conversely, Ereg
DISCUSSION knockout mice show no apparent defects in liver
regeneration upon partial hepatectomy (29),
FecH™P¥FechH™P® mutant mice show while no data are available on Btc null mice.
increased protoporphyrin levels and severe livdhese findings suggest that the expression of AR
dysfunction starting at a very early age anduring liver injury serves protective and pro-
during all the life of the animal (1, 14, 21, 42)regenerative functions that cannot be fully
Mice from different strains congenic for thecompensated for by other EGFR ligands (24, 29).
FecH"P* mutation manifest variable degree ofAlthough speculative, a potential mechanism that
liver injury (1, 34). The three congenic strains dohay account for the distinct role of AR can be
not significantly differ in liver ferrochelatasefound in how they bind and activate their
activity, however, the development of liverreceptor (11, 20). It has been shown that the
disease and biliary protoporphyrin excretion igendency of AR to induce formation of
different between the three strains (1, 34). Thigeterodimers between EGFR and other members
feature makes FelHFechH™"® mouse a of the EGFR family is different from that of
suitable model for the study of chronic hepatiother EGFR ligands (10). In addition, AR differs
disease related to alterations in protoporphyrifiom other ligands such as EGF in the kinetics of
metabolism. In the BALBC/cJ backgroundligand-induced EGFR turnover, which may
protoporphyrin overproduction by red blood cellsnfluence intracellular downstream signaling
and increased biliary protoporphyrin excretiorf43).
result in a rapid and profound impairment of the In the genetic model of EPP,
liver excretory function due to bile ductprotoporphyrin accumulation and liver disease
obstruction, with moderate pigment deposits iftart in the first week of life, and it is diffiduio
the liver (1, 21, 34). EPP mice bred inteestablish their direct implication in the enhanced
C57BL/6J background show the mosexpression of EGFR ligands. Nevertheless, we
pronounced liver accumulation of protoporphyrirobserved a direct correlation between the tissue
(34), associated with more severe hepatocytevels of protoporphyrin and AR gene expression
damage, parenchymal cell loss and chronio the liver of BALB/cJ EPP miceTo further
hepatitis. However, the liver excretory functiorexamine the influence of hepatic protoporphyrin
was almost unaffected (1). EPP animals froraccumulation on the expression of EGFR
SJL/J background exhibit higher protoporphyrifigands, and to evaluate the potential direct e¢ffec
concentration in red blood cells and liver, buef protoporphyrin and/or related metabolites on
mild liver lesions with low protoporphyrin the expression of these growth factors in liver
deposits (1, 34). cells, we performed additionah vivo and in
The induction of Btc, Ereg and, invitro assays.
particular, AR gene expression observed in EPP  Griseofulvin is an antifungal agent that
mice from BALB/cJ, SJL and C57BL/6Jwhen administered chronically to normal mice
backgrounds most likely represents a defensiyaoduces a liver pathology similar to that found
mechanism linked to increased liver regeneration human EPP (23). One of the earliest features
in response to the ongoing parenchymal injurg@f griseofulvin exposure is the accumulation of
Among the different EGFR ligands tested, ARprotoporphyrin due to inhibition of hepatic
showed the most prominent changes and wégsrochelatase, probably caused by a griseofulvin
present in all of three backgrounds. Thedduct of protoporphyrin produced in a
expression of AR, which as opposed to otherytochrome P450-mediated suicide reaction (7).
EGFR ligands is low or undetectable in théiven that this condition is successfully
healthy liver, is readily induced duringreproduced, this model is ideal for studying the
experimental acute liver damage (11, 15). Thearly hepatic responses to protoporphyrin
important role of AR expression in the injurecaccumulation. In our animals, griseofulvin diet
liver has been demonstrated using AR null mic@dministration inducedhe over-expression of
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AR, Btc and Ereg in the liver. Changes in th@ersists and the expression of EGFR ligands such
expression of these growth factors in thas AR is sustained, this protective response may
griseofulvin model were consistent with thosearticipate in the progression of the disease,
observed in FediP*FechH™ **mutant mice. contributing to liver fibrosis and promoting the

As previously indicated, the expression oflevelopment of a neoplasic phenotype (20).
EGFR ligands in the liver is induced duringAccording to our findings in BALB/cJ EPP mice,
injury and regeneration, and this response can bggh AR, Btc and Ereg mRNA levels were
mediated by a number of pro-inflammatorymaintained up to one year of age in the liver of
stimuli (12). Here we have observed thenutant mice (Figure 1D and data not shown).
consistent upregulation of AR, Btc and Ereg gendoreover, AR mRNA levels correlated with
expression in the livers of young EPP mice, andser protoporphyrin concentration in EPP mice
in normal mice after short term griseofulvinat different ages. In this context, the expression
exposure. These observations, together with tioé genes associated with hepatocellular
finding of a significant direct correlation betweerproliferation, extracellular matrix accumulation,
hepatic levels of protoporphyrin and AR geng@reneoplastic lesions and  hepatocellular
expression in the genetic model of EPP, led us tarcinoma foci that progressively develop with
examine the potential direct contribution ofage in FecH®IFecH™ mice bred into the
protoporphyrin and/or its metabolic precursors tBALB/cJ background previously described (18,
the upregulation of these genes in liver cells. W&0), might be related in part to the chronic
observed that treatment of AML-12 hepatocytegpregulation of these EGFR ligands.
with ALA induced a rapid protoporphyrin Nevertheless, further experiments, including
accumulation, and resulted in a significanstudies carried out in the corresponding knockout
induction in the expression of EGFR ligandsmice, are needed to fully elucidate the role of
These results suggest that the enhancétkse growth factors in the pathogenesis of liver
expression of EGFR ligands in tirevivo models disease in EPP.
could be attributed at least in part to the
protoporphyrin accumulation. ACKNOWLEDGEMENT

Expression of high levels of the EGFR is
characteristic of the adu_lt ar_]d diffe_rentiat_e&reement between FIMA and the “UTE project CIMA”;
hepatocyte (11). Chronic liver injury is spanish Fundacién Mutua Madrilefia (to AF, CB, RES, FJC
characterized by the loss of liver-specifi@and MAA); Red Temética de Investigacion Cooperatina e
functions, which is attributed in part to theCancer RDO6 00200061 (to CB, FJC and MAA), and
connregulaton ofthe expresson of genes gl ) Sy Som s o700 o
expressed in the mature hepatocyte (6, 1191070402 (to CB and MAA); FIS PI 061475 (to AF) ariG F
Compared to wild-type animals, hepatic EGFRI 02/1888 (to RES, AF and MGB); Grant SAF2008-0154
expression decreased in young C57BL/6J EPPm Ministerio de Educacion y Ciencia (to FJC). Meihd

; iifi ; G were supported by a Juan de la Cierva contraah fr
mice, and more significantly in the .SJL/JI?/IEC, and a fellowship from FIS respectively. We are

bgckground, as well as in mlce fed W'th th%rateful to Xavier Montagutelli and Marie Abitbalnétitut
griseofulvin - supplemented d!et- _ |ntefeStmg|yPasteur, Paris, France) for providing the FE&eiFechras
EGFR mRNA levels were maintained in youngnice from SJL/J and C57BL/6J backgrounds.

FecH™P3FecH™™ mice bred into BALB/cJ
background, however at an older age, when REFERENCES
disease has progressed (1, 30), these mice also
showed a reduction in EGFR expression. Abitbol, M., Bemex:d':-: Puy, H-'”Jlouau't’ H-:Vbsggg{
Although at the present time we do not have ap ¢ Guenet J. L. and Montagutelli, X., A mou
. A . ovides evidence that genetic background modulates
explanation for the‘_se findings, c_hanges in EGF&hemia and liver injury in erythropoietic protopbypia.
MRNA levels might be attributed to theAm. J. Physiol. Gastrointest. Liver. Physi@005, 288
progression of the disease and the loss of tkd208-1216.
; ; 2. Anderson, K.E., Sassa, S.,Bishop, D.F., Desritci,,
dlffereptlstedtfeattjhrest?]f the ngrmal rt1_epatocyte.Di orders of heme biosynthesis: X-linked siderdidas
a_ en O_ge er tnese o Se_rva "_)ns sugg mia and the porphyrias., In: The Metabolic and
that the induction of the EGFR signaling systemiolecular Bases of Inherited Disease. (eds) B.A.\8cri
represents an endogenous protective and pI@R, Sly WS, & Valle E. McGraw Hill: New York, 2001pp
regenerative response elicited by tissue injur§9913062~ 4 it er i ,
and a high protoporphyrin accumulation irp: ASteY: A. V. and Hift, R. J., Liver disease in

. erythropoietic protoporphyria: insights and imptioas for
hepatocytes. However, when liver damagganagemenGut.2007,56: 1009-1018.

ork in the authors’ laboratory is supported by:e th

35
Copyright© 2009C.M.B. Edition



BERASAIN C. et al.

4. Argast, G. M., Campbell, J. S., Brooling, J. Tdan
Fausto, N., Epidermal growth factor receptor tratigation
mediates tumor necrosis factor-induced
replication.J. Biol. Chem2004,279 34530-34536.
5. Avila, M. A., Berasain, C., Torres, L., Martin-DaycA.,
Corrales, F. J., Yang, H., Prieto, J., Lu, S. C., Gatia, J.,
Rodes, J. and Mato, J. M., Reduced mRNA abundance
the main enzymes involved in methionine metaboliam
human liver cirrhosis and hepatocellular carcinonda.
Hepatol.2000,33: 907-914.

6. Avila, M. A, Berasain, C., Sangro, B. and Prielq,
New therapies for hepatocellular carcinon@ncogene.
2006,25: 3866-3884.

7. Bellingham, R. M., Gibbs, A. H., de Matteis, Har, L.
Y. and Roberts, G. C., Determination of the struetofr an
N-substituted protoporphyrin isolated from the tweof
griseofulvin-fed miceBiochem. J.1995,307 ( Pt 2) 505-
512.

8. Berasain, C., Garcia-Trevijano, E. R., Castillo, Jcorrection
,hematopoietic cellssene Ther2001,8: 618-626.

Erroba, E., Lee, D. C., Prieto, J. and Avila, M. A.
Amphiregulin: an early trigger of liver regeneratim mice.
Gastroenterology2005,128 424-432.

hepatocyt20. Desbois-Mouthon,

compartmentalization of apoptotic regulatoiécohol Clin.
Exp. Res2004,28: 160-172.

C., Cacheux, W., Blivet-Van
Eggelpoel, M. J., Barbu, V., Fartoux, L., Poupon, R.,
Housset, C. and Rosmorduc, O., Impact of IGF-1R/EGFR
cross-talks on hepatoma cell sensitivity to gefitiint. J.
©hncer.2006,119 2557-2566.

21. Fontanellas, A., Mazurier, F., Landry, M., TairlL.,
Morel, C., Larou, M., Daniel, J. Y., Montagutelli,., Xde
Salamanca, R. E. and de Verneuil, H., Reversion of
hepatobiliary alterations By bone marrow transpléhomain

a murine model of erythropoietic protoporphyria.
Hepatology2000,32: 73-81.

22. Fontanellas, A., Mendez, M., Mazurier, F., C&ialre,

M., Navarro, S., Ged, C., Taine, L., Geronimi, F.¢Hgird,

E., Moreau-Gaudry, F., Enriquez De Salamanca, R.dand
Verneuil, H., Successful therapeutic effect in auseomodel

of erythropoietic protoporphyria by partial genetic
and fluorescence-based selection of

23. Gant, T. W., Baus, P. R., Clothier, B., Riley,Dhyies,
R., Judah, D. J., Edwards, R. E., George, E., Gre&esd

9. Berasain, C., Garcia-Trevijano, E. R., Castillo, J.Smith, A. G., Gene expression profiles associatéth w

Erroba, E., Santamaria, M., Lee, D. C., Prietond. Avila,
M. A., Novel role for amphiregulin in protectionofn liver
injury. J. Biol. Chem2005,280 19012-19020.

10. Berasain, C., Castillo, J., Perugorria, M. JetBriJ. and
Avila, M. A., Amphiregulin: a new growth factor in
hepatocarcinogenesiSancer Lett2007,254 30-41.

11. Berasain, C., Castillo, J., Prieto, J. and AVi, A.,
New molecular targets for hepatocellular carcinortiee
ErbB1 signaling systentiver. Int.2007,27: 174-185.

12. Berasain, C., Castillo, J., Perrugorria, M.J.,akat
M.U., Prieto, J., Avila, M.A., Inflammation and &v cancer.
New molecular linksAnn. N.Y. Acad. S2009, in press.

inflammation, fibrosis, and cholestasis in mouserliafter
griseofulvin.EHP Toxicogenomic2003,111: 37-43.

24. Hisaka, T., Yano, H., Haramaki, M., Utsunomiyand
Kojiro, M., Expressions of epidermal growth facfamily
and its receptor in hepatocellular carcinoma ceied:
relationship to cell proliferationint. J. Oncol.1999, 14:
453-460.

25. Kanda, D., Takagi, H., Toyoda, M., Horiguchi,, N
Nakajima, H., Otsuka, T. and Mori, M., Transforming
growth factor alpha protects against Fas-mediateer |
apoptosis in miceFEBS Lett2002,519 11-15.

26. Khai, N. C., Takahashi, T., Ushikoshi, H., Nama8.,

13. Bloomer, J., Wang, Y., Singhal, A. and Risheg, HYuge, K., Esaki, M., Kawai, T., Goto, K., Murofushy.,

Molecular studies of liver disease in erythropaieti
protoporphyriaJ. Clin. Gastroenterol2005,39: S167-175.
14. Boulechfar, S., Lamoril, J., Montagutelli, X.u&het, J.
L., Deybach, J. C., Nordmann, Y., Dailey, H., Gramaiop,
B. and de Verneuil, H., Ferrochelatase structuratamtu
(Fechml1Pas) in the house mouSenomics1993,16: 645-
648.

15. Castillo, J., Erroba, E., Perugorria, M. J., tSanaria,
M., Lee, D. C., Prieto, J., Avila, M. A. and Berasai,
Amphiregulin contributes to the transformed phepetyf
human hepatocellular carcinoma celZancer Res2006,
66: 6129-6138.

16. Chung, Y. H., Kim, J. A,, Song, B. C., Lee, G.Kbh,
M. S, Lee, Y. S,, Lee, S. G. and Suh, D. J., Bsgion of
transforming growth factor-alpha mRNA in
patients with chronic viral hepatitis and hepathdat
carcinomaCancer.2000,89: 977-982.

17. Citri, A. and Yarden, Y., EGF-ERBB signalling:
towards the systems levélat Rev. Mol. Cell. Biol2006,7:
505-516.

18. Davies, R., Schuurman, A., Barker, C. R., Clothsey,
Chernova, T., Higginson, F. M., Judah, D. J., DifsdB.,
Edwards, R. E., Greaves, P., Gant, T. W. and SritlG.,
Hepatic gene expression in protoporphyic Fech nigce
associated with cholestatic injury but not a maritegletion
of the heme regulatory pooAm. J. Pathol.2005, 166
1041-1053.

19. Deaciuc, I. V., D'Souza, N. B., Burikhanov, R.sbkx,
M. S., Voskresensky, I. V., De Villiers, W. J. aNatClain,
C. J., Alcohol, but not lipopolysaccharide-inducedet
apoptosis involves changes in

36

Fujiwara, T., Fujiwara, H. and Kosai, K., In viveatic
HB-EGF gene transduction inhibits Fas-induced limgury
and induces liver regeneration in mice: a compagagtudy
to HGF.J Hepatol.2006,44: 1046-1054.

27. Kiso, S., Kawata, S., Tamura, S., Inui, Y., Nds, Y.,
Sawai, Y., Umeki, S., Ito, N., Yamada, A., Miyagawia,
Higashiyama, S., lwawaki, T., Saito, M., Taniguchi,,
Matsuzawa, Y. and Kohno, K., Liver regeneration in
heparin-binding EGF-like growth factor transgenidcen
after partial hepatectomyGastroenterology.2003, 124
701-707.

28. Komurasaki, T., Toyoda, H., Uchida, D. and N&mo
N., Mechanism of growth promoting activity of epjtdin
in primary cultures of rat hepatocyteGrowth Factors.

livers 0f 2002,20. 61-69.

29. Lee, D., Pearsall, R. S., Das, S., Dey, S. Kdftay, V.

L. and Threadgill, D. W., Epiregulin is not essahtfor
development of intestinal tumors but is required fo
protection from intestinal damagdeol. Cell. Biol.2004,24:
8907-8916.

30. Libbrecht, L., Meerman, L., Kuipers, F., Roskams
Desmet, V. and Jansen, P., Liver pathology and
hepatocarcinogenesis in a long-term mouse model of
erythropoietic protoporphyrial. Pathol. 2003, 199 191-
200.

31. Meerman, L., Koopen, N. R., Bloks, V., Van Gdsr,
Havinga, R., Wolthers, B. G., Kramer, W., Stengefhn,
Muller, M., Kuipers, F. and Jansen, P. L., Biliargrésis
associated with altered bile composition in a momselel

of erythropoietic protoporphyriaGastroenterology.1999,

intracellularl17. 696-705.

Copyright© 2009C.M.B. Edition



Protoporphyrin induces hepatic expression of EGE&nlils

32. Michalopoulos, G. K. and Khan, Z., Liver regexi®mn, 38. Roberts, L. R. and Gores, G. J., Hepatocellular
growth factors, and amphireguli@astroenterology2005, carcinoma: molecular pathways and new therapeaniets.
128 503-506. Semin. Live.r Dis2005,25: 212-225.

33. Nalesnik, M. A., Lee, R. G. and Carr, B. I.,39. Schiffer, E., Housset, C., Cacheux, W., Wendum, D
Transforming growth factor alpha (TGFalpha) inDesbois-Mouthon, C., Rey, C., Clergue, F., Poupon, R,
hepatocellular carcinomas and adjacent hepatimpayea. Barbu, V. and Rosmorduc, O., Gefitinib, an EGFR iithib
Hum. Pathol1998,29: 228-234. prevents hepatocellular carcinoma development @ rtt
34. Navarro, S., Del Hoyo, P., Campos, Y., Abitddl, liver with cirrhosis.Hepatology2005,41: 307-314.
Moran-Jimenez, M. J., Garcia-Bravo, M., Ochoa, RauG 40. Seth, A. K., Badminton, M. N., Mirza, D., Russél
M., Montagutelli, X., Frank, J., Garesse, R., Arenhsde and Elias, E., Liver transplantation for porphyriaho,
Salamanca, R. E. and Fontanellas, A., Increaseghen, and howRiver Transpl.2007,13: 1219-1227.
mitochondrial respiratory chain enzyme activitiesrelate 41. Taub, R., Liver regeneration: from myth to metsia.
with minor extent of liver damage in mice sufferirgm Nat. Rev. Mol. Cell. BioR004,5: 836-847.

erythropoietic protoporphyrigExp. Dermatol2005,14: 26-  42. Tutois, S., Montagutelli, X., Da Silva, V., dult, H.,
33. Rouyer-Fessard, P., Leroy-Viard, K., Guenet, J. L.,
35. Perugorria, M. J., Latasa, M. U., Nicou, A., t@gena- Nordmann, Y., Beuzard, Y. and Deybach, J. C,
Lirola, H., Castillo, J., Goni, S., Vespasiani-Garici, U., Erythropoietic protoporphyria in the house mouse. A
Zagami, M. G., Lotersztajn, S., Prieto, J., Beras@inand recessive inherited ferrochelatase deficiency vaittemia,
Avila, M. A, The epidermal growth factor receptayand photosensitivity, and liver diseask.Clin. Invest1991,88:
amphiregulin participates in the development of seoliver 1730-1736.

fibrosis.Hepatology2008,48: 1251-1261. 43. Willmarth, N. E., Baillo, A., Dziubinski, M. LWilson,

36. Poh-Fitzpatrick, M. B., Whitlock, R. T. andK., Riese, D. J.,, 2nd and Ethier, S. P., Altered RGF
Leftkowitch, J. H., Changes in protoporphyrin diition localization and degradation in human breast caceéls
dynamics during liver failure and recovery in ai@at with  with an amphiregulin/EGFR autocrine loo@ell Signal.
protoporphyria and Epstein-Barr viral hepatifisn. J. Med. 2009,21: 212-219.

1986,80: 943-950. 44. Wu, J. C., Merlino, G. and Fausto, N., Estabtieht
37. Risheg, H., Chen, F. P. and Bloomer, J. R., Geitotypand characterization of differentiated, nontransieal
determinants of phenotype in North American pasiesith  hepatocyte cell lines derived from mice transgefac
erythropoietic protoporphyriaMol. Genet. Metab2003,80:  transforming growth factor alphRroc. Natl. Acad. Sci. U S
196-206. A.1994,91: 674-678.

37
Copyright© 2009C.M.B. Edition



