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Iron Overload Causes Alterations of E-Cadherin in the Liver
(iron	overload	/	E-cadherin	/	liver	/	adherens	junctions)
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Abstract. Iron overload causes tissue damage in the 
liver, but its initial effects at the molecular and cellu-
lar level are not well understood. Epithelial cadherin 
(E-cad) is a major adhesion protein in adherens 
junctions and is associated with several signal trans-
duction pathways. Dysfunction of E-cad causes in-
stability of adherens junctions, which leads to cell in-
vasion, cell migration, and carcinogenesis. We found 
in liver samples from iron-overloaded mice that the 
apparent molecular mass of E-cad was reduced from 
125 to 115 kDa in sodium dodecyl sulphate poly-
acrylamide gel electrophoresis under reducing con-
ditions and immunoblotting, and that the cellular 
expression of E-cad was decreased in immunohisto-
chemistry. The mRNA level of E-cad, however, did 
not change significantly, suggesting that the altera-
tions are posttranslational. Interestingly, incubation 
of control liver extracts with Fe2+ alone also produced 
the same mobility shift. Neither an oxidant nor an 
antioxidant influenced this shift in vitro, suggesting 
that reactive oxygen species, which are generated by 
iron and known to cause damage to macromolecules, 
are not involved. Treatment of the 115 kDa E-cad 
with deferoxamine, an iron chelator, thus removing 
Fe2+, shifted the molecular mass back to 125 kDa, 
demonstrating that the shift is reversible. The obser-
vation also implies that the alteration that causes the 
mobility shift is not due to transcriptional control, 
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deglycosylation, and proteolysis. This reversible mo-
bility shift of E-cad has not been previously known. 
The alteration of E-cad that causes the mobility shift 
might be an initial step to liver diseases by iron over-
load. 

Introduction
Primary iron overload is a genetic disorder of iron 

metabolism causing inappropriately increased iron ab-
sorption due to a defect in the hepcidin signalling path-
way	as	seen	in	hereditary	haemochromatosis;	secondary	
(acquired)	iron	overload	most	often	develops	as	a	com-
plication of repeated transfusions and is associated with 
cardiomyopathy and chronic liver diseases (Pietrangelo, 
2003;	Sebastiani	and	Pantopoulos,	2011).	Iron	itself	 is	
not carcinogenic. However, iron overload is associated 
with tissue damage and carcinogenesis. Primarily iron 
overload	 causes	 fibrosis,	 most	 frequently	 in	 the	 liver,	
heart,	and	pancreas.	The	liver	fibrosis	due	to	iron	excess	
evolves into cirrhosis and may eventually lead to the de-
velopment of hepatocellular carcinoma. In pathological 
iron overload, iron gradually saturates the iron-binding 
capacity of transferrin, which under physiological con-
ditions	maintains	 iron	 soluble	 and	 nontoxic	 (Ponka	 et	
al.,	 1998),	 and	 non-transferrin-bound	 iron	 eventually	
gets	 internalized	 into	 cells.	 Iron’s	 toxicity	 is	 largely	
based	on	its	ability	to	generate	reactive	oxygen	species	
(ROS)	(Halliwell	and	Gutteridge,	1990),	an	increase	of	
which	beyond	the	antioxidant	capacity	of	the	organism	
causes	oxidative	stress	(Papanikolaou	and	Pantopoulos,	
2005).	Although	iron-induced	chronic	oxidative	stress	is	
known to cause damage to macromolecules, the mecha-
nisms of initial tissue damage triggered by iron overload 
are not well understood. 

Cell adhesion proteins cadherins are single-pass trans-
membrane glycoproteins that are built on the contacts 
between	adjacent	cells.	Extracellular	domains	of	cadher-
ins on the opposing membranes mediate Ca2+-dependent 
homophilic interaction and cytoplasmic domains form a 
complex	with	catenins	(α-,	β-,	γ-,	and	p120),	which	in-
teract	with	actin	filaments	and	microtubules	(Meng	and	
Takeichi,	 2009).	 In	 this	 way	 cadherins,	 together	 with	
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several adaptor proteins, functionally link the cytoskele-
ton	of	adjacent	cells	(Taguchi	et	al.,	2011)	and	contribute	
to cell-cell adhesion to form mature adherens junctions 
(AJs).	 E-cad	 is	 the	 major	 cadherin	 in	 liver	 epithelial	
cells	and	is	directly	bound	by	β-	and	p120	catenin.	The	
binding of the catenins masks sequences containing the 
motif of the E-cad degradation pathway (Huber et al., 
2001;	Miyashita	and	Ozawa,	2007;	Nanes	et	al.,	2012).	
Some of cell surface E-cad is constitutively endocytosed 
to regulate cadherin-based adhesion, through which 
E-cad	 is	degraded	by	 lysosome	and/or	proteasome,	or	
recycled	back	to	the	plasma	membrane	(Le	et	al.,	1999;	
Davis	et	al.,	2003;	Xiao	et	al.,	2003).	

Inactivation of the E-cad cell adhesion system causes 
organ	fibrosis	due	to	the	reduced	cell-cell	adhesiveness	
(Hirohashi,	 1998;	Guarino	 et	 al.,	 2009).	A	 correlation	
between	 the	 cellular	 expression	 of	 the	 E-cadherin/
catenin	complex	and	the	development	and	progression	
of hepatocellular carcinoma has been reported (Zhai et 
al.,	2008).	E-cad-mediated	cell	adhesion	is	known	to	be	
inactivated by genetic alterations and transcriptional re-
pression	(Berx	et	al.,	1998;	Alves	et	al.,	2009).	However,	
it has been suggested that E-cad dysfunction cannot be 
explained	at	the	genetic/epigenetic	level	alone	and	that	
other mechanisms may operate at the posttranslational 
level	(Pinho	et	al.,	2011)	in	response	to	changes	in	exter-
nal/internal	signals.	

While investigating membrane proteins in the liver, 
we noticed that the intensity and mobility of cadherin 
bands were altered when the iron content of samples was 
high. Since the direct effect of iron on E-cad in the liver 
has not been fully elucidated, we investigated E-cad in 
the liver from iron-overloaded mice, in order to detect 
possible initial alterations of E-cad by iron overload. 
Liver samples were analysed at the molecular and cel-
lular level by immunoblotting and immunohistochemis-
try, respecti vely. The detected alterations may provide 
better understanding of the initiation of liver diseases by 
iron overload.

Material and Methods

Animals

Haemojuvelin wild type (Hjv+/+)	and	knock	out	(Hjv–/–, 
a	 model	 of	 juvenile	 haemochromatosis)	 mice	 were	 a	
generous gift from Prof. Silvia Arber, Basel, Switzerland 
(Niederkofler	et	al.,	2005).	Iron-overloaded	mice	of	the	
C57BL/6	strain	were	prepared	by	injection	of	iron	dex-
tran	(Sigma-Aldrich,	St	Louis,	MO)	at	200	mg	iron/kg,	
and after three days liver samples were obtained. All 
animal	experiments	were	approved	by	the	Ethics	Com-
mittee of the First Faculty of Medicine, Charles Uni ver-
sity in Prague.

Protein extraction 
Liver	protein	was	extracted	 in	 lysis	buffer	 (LB)	de-

scribed	by	Reynolds	et	al.	(1994):	20	mM	Tris-HCl	pH	
7.4	 containing	 0.5%	 NP-40,	 150	 mM	 NaCl,	 1	 mM	

EDTA, Protease Inhibitor Cocktail (Roche, Basel, Swit-
zerland),	 and	Phosphatase	 Inhibitor	Cocktails	 2	 and	3	
(Sigma-Aldrich).	 Extracts	 were	 obtained	 by	 homoge-
nizing	20–50	mg	of	tissue	in	250	μl	of	LB	and	subse-
quent	centrifugation	at	14,000	g	for	15	min	at	4	°C.	For	
fractionation,	protein	was	extracted	in	20	mM	Tris-HCl	
pH	6.8	containing	0.28	M	sucrose,	50	mM	NaCl,	2	mM	
EDTA, and the protease and phosphatase inhibitor cock-
tails.	The	 homogenate	was	 centrifuged	 at	 6,000	g for 
15	min	to	remove	large	membrane	fragments	(P1),	and	
the	supernatant	was	centrifuged	at	16,000	g	for	45	min.	
The pellet that contains membrane proteins was saved 
(P2)	and	the	supernatant	was	subjected	to	ultracentrifu-
gation	at	80,000	g for 55 min. The pellet that contains 
endosomes	 (Hoshino	 et	 al.,	 2005)	was	 saved	 (P3).	P2	
and	P3	were	washed	once	and	dissolved	in	LB.	For	the	
dose	 response	 tests,	 LB	 extracts	 of	 the	 liver	 from	
C57BL/6	mice	subjected	to	different	doses	of	iron,	200,	
350,	and	700	mg/kg,	were	prepared.	Protein	concentra-
tion	was	measured	by	Bradford	reagent	(Sigma-Aldrich)	
with BSA as the standard. Other chemicals were ob-
tained from Sigma-Aldrich. 

Immunoblotting
Proteins,	50	or	60	μg	of	each	sample,	were	separated	

in	6	or	8%	SDS-PAGE	under	reducing	conditions	and	
transferred to PVDF membrane (GE Healthcare, Little 
Chalfont,	UK)	by	electroblotting.	The	 standard	proce-
dure	using	TBS	containing	0.1%	Tween-20	(TBS/T)	for	
washing,	5%	(w/v)	non-fat	milk	in	TBS/T	for	blocking,	
16	h	incubation	at	4	°C	with	the	rabbit	primary	antibody	
(E-cad:	 1 : 3000,	Cell	Signaling	Technology,	 #3195,	
Dan	vers,	MA;	actin:	1 : 8000,	Sigma-Aldrich)	in	TBS/T	
and	2	h	incubation	at	room	temperature	with	the	peroxi-
dase-conjugated	anti-rabbit	secondary	antibody	(1 : 1000,	
Jackson	Immuno	Research,	West	Grove,	PA)	in	TBS/T	
was employed. Positive signals were detected by the 
chemiluminescence method (Cell Signaling Techno lo-
gy).	BenchMark	Protein	Ladder	(Invitrogen,	Carlsbad,	
CA)	was	used	to	estimate	the	molecular	mass	of	protein	
bands. The immunoblots are representatives of at least 
two	independent	experiments.

mRNA measurement
Liver RNA was isolated using a Qiagen RNeasy Plus 

Mini	Kit	 (Qiagen	GmbH,	Stockach,	Germany).	cDNA	
was synthesized using a Fermentas RevertAid First 
Strand	cDNA	Synthesis	Kit	(Thermo	Fisher	Scientific,	
Waltham,	 MA).	 For	 real-time	 PCR	 determination	 of	
E-cad gene (Cdh1)	expression,	a	Roche	LightCycler	in-
strument in combination with the Fast Start SYBR 
Green protocol (Roche Diagnostics GmBH, Mannheim, 
Germany)	was	used.	Target	mRNA	content	was	calculat-
ed relative to GAPDH mRNA content. Primers (forward 
and	reverse)	were	as	follows:	Gapdh, CGGTGTGAA-
CGGATTTGC and GCAGTGATGGCATGGACTGT, 
and Cdh1, CCATGTGTGTGACTGTGAAGG and 
CAGCTGGCTCAAATCAA AGTC. 
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Fe2 + in vitro assays 

Extracts	containing	50	μg	of	protein	in	LB	were	sub-
jected	to	the	treatment	in	50	μM	Hepes	pH	7.5	contain-
ing	100	mM	NaCl,	2	mM	DTT,	and	the	protease	inhibi-
tor	cocktail	at	the	final	volume	of	20	μl.	For	detection	of	
the effects of Fe2+, extracts	were	incubated	with	FeSO4 
at	 1	mM	 for	 30	min	 at	 30	 °C.	 For	 the	 dose	 response	
check,	control	extracts	were	treated	with	different	con-
centrations of FeSO4. For H2O2	 assay,	control	extracts	
were incubated with different concentrations of H2O2 
for	30	min	at	30	°C.	For	N-acetylcysteine,	glutathione,	
and	dithiothreitol	assays,	control	extracts	were	first	in-
cubated with the agent for 5 min, and then FeSO4 was 
added	at	1	mM,	followed	by	30	min	incubation	at	30	°C.	
Deferoxamine	 (DFO)	 was	 added	 to	 the	 extracts	 after	
30	min	incubation	with	FeSO4	at	1	mM	at	30	°C,	and	the	
extracts	 were	 further	 incubated	 for	 30	 min.	 Extracts	
from	C57BL/6	iron-overload	mice	generated	by	injec-
tion	of	iron	dextran	(700	mg/kg	body	weight)	were	also	
tested for the DFO treatment. Since phosphorylation 
may	be	involved	in	the	shift,	LB	extracts	that	contained	
phosphatase inhibitors were diluted more than ten times 
in	the	assays	so	that	the	influence	of	the	inhibitors	was	
negligible. All the reagents were obtained from Sigma-
Aldrich.

Immunohistochemistry
Liver	samples	were	fixed	in	formalin	and	embedded	

in	paraffin,	from	which	histological	sections	were	col-
lected.	 For	 protein	 detection,	 sections	 were	 dewaxed	
and	incubated	with	methanol	containing	30%	H2O2 for 
20	min	 to	 block	 endogenous	 peroxidase	 activity.	 Sec-
tions were then immersed in 10 mM citrate buffer pH 
6.0	and	heated	in	a	microwave	oven	at	100	°C	for	20	min	
to enhance antigen retrieval, washed three times with 
distilled	water,	and	blocked	with	1%	BSA	for	30	min.	
Subsequently,	sections	were	incubated	overnight	at	4	°C	
with	antibody,	first	with	anti	E-cad	(1 : 400,	Cell	Signa-
ling	and	Technology),	 then	with	 the	peroxidase-conju-
gated	secondary	antibody	(1 : 500,	Jackson	Immuno	Re-
search)	 for	 30	 min	 at	 37	 °C.	 Finally,	 sections	 were	
washed three times with PBS buffer and the colour was 
displayed with DAB. Nuclei were lightly counterstained 
with	haematoxylin.	Perl’s	 iron	 stain	method	was	 used	
for detection of iron deposition.

Results

Mobility shift of E-cadherin in the liver of iron-
overloaded mice 

First, we compared the livers from Hjv+/+ mice (liver 
iron	content	less	than	100	μg/g	wet	weight)	with	those	
from Hjv–/–	 mice	 (liver	 iron	 content	 approximately	
2000	μg/g	 wet	 weight),	 a	 murine	 model	 of	 juvenile	
haemochromatosis	(Niederkofler	et	al.,	2005).	Liver	ex-
tracts were prepared in LB and analysed by immuno-
blotting. In the control sample, the E-cad band was de-

tected	at	around	125	kDa	in	our	system,	whereas	in	the	
iron	overload	sample,	in	addition	to	a	less	intense	125	kDa	
band,	an	extra	band	was	also	detected	approximately	at	
115	kDa	(Fig.	1A),	clearly	demonstrating	that	iron	over-
load	 caused	 an	 alteration	 of	 E-cad	 expression,	 which	
was detected as a reduction of the apparent molecular 
mass, a mobility shift. Detection of the two E-cad bands 
in the iron overload sample by E-cad antibody from a 
different	manufacturer	confirmed	the	observation	(data	
not	shown).	

Second, in order to check the Hjv–/–-specificity	of	the	
mobility shift, the livers from Hjv+/+ and Hjv–/– mice 
were	 compared	with	 those	 from	 control	C57BL/6	 (C,	
liver	iron	content	70	μg/g	wet	weight)	and	iron	dextran-
treated	C57BL/6	(Fe,	 liver	 iron	content	approximately	
1400	μg/g	wet	weight)	mice.	To	also	detect	possible	cel-
lular localization of the 115 kDa E-cad at the same time, 
liver samples from the two strains were homogenized in 
detergent-free buffer and subjected to differential cen-
trifugation. In control samples from both strains, E-cad 
was	detected	only	as	the	125	kDa	band	(Fig.	1B.	1,	3,	5,	
7),	whereas	the	115	kDa	band	was	detected	in	iron	over-
load	samples	from	both	strains	(Fig.	1B.	2,	4,	6,	8),	indi-
cating	that	the	shift	is	not	strain-specific.	The	P2	fraction	
contains	membrane	 proteins	 and	 the	 P3	 fraction	 con-
tains	endosomes	(Hoshino	et	al.,	2005).	Whereas	in	the	
P2	fraction,	Hjv	and	C57BL/6	samples	showed	a	similar	
pattern	(Fig.	1B.	1,	2,	5,	6),	 in	 the	P3	fraction,	only	a	
faint 115 kDa band was detected for Hjv–/–, while the 
two	bands	were	detected	for	Fe	(Fig.	1B,	4,	8).	The	re-
sult suggested a dose dependency of the mobility shift 
since the iron content of Fe is much lower than that of 
Hjv–/–;	 the	 dose	 response	 of	 the	 alteration	 in vivo was 
tested	 by	 increasing	 amounts	 of	 iron	 dextran	 injected	
into	C57BL/6	mice	and	samples	extracted	in	LB	indeed	
revealed	 the	dose	dependency	 (Fig.	1C).	Since	 the	P2	
fraction	contained	much	more	protein	than	the	P3	frac-
tion, the majority of the 115 kDa E-cad was observed in 
the	P2	fraction.	Meanwhile,	only	an	insignificant	differ-
ence in the E-cad mRNA level was detected between 
Hjv+/+and Hjv–/–,	 as	 well	 as	 between	 C57BL/6	 control	
(C)	and	iron-injected	samples	(Fe)	(Fig.	1D).	

Mobility shift of E-cadherin by Fe2+ in vitro
Interestingly,	when	the	control	extract	from	C57BL/6	

mice,	which	contained	only	125	kDa	E-cad,	was	incu-
bated with FeSO4 at 1 mM, the mobility shift to 115 kDa 
was	observed	(Fig.	2A.	1,	3).	The	same	shift	occurred	
for	the	125	kDa	E-cad	in	the	iron	overload	sample,	but	
no further change was observed for the 115 kDa band 
(Fig.	2A.	2,	4).	The	size	of	 the	shifted	E-cad	band	for	
both samples appeared the same at 115 kDa. The shift in 
vitro	was	also	found	to	be	dose-dependent	(Fig.	2B).	

Effect of oxidative stress on the mobility shift of 
E-cad

Excess	levels	of	ROS	generated	by	iron	cause	oxida-
tive stress, which results in damage to proteins. We 

Effects of Iron Overload on E-Cadherin
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therefore	examined	the	influence	of	ROS	on	the	mobil-
ity	shift	of	E-cad.	Extracts	were	subjected	to	treatment	
with	either	an	oxidant	or	an	antioxidant.	When	the	con-
trol	 extracts	 from	C57BL/6	mice	were	 incubated	with	
a	wide	 range	 of	 concentrations	 of	 the	 oxidant	 H2O2, 
2–50	mM,	no	mobility	shift	of	E-cad	was	detected	(Fig.	
3A).	 N-acetylcysteine	 has	 been	 used	 as	 a	 therapeutic	
agent	against	oxidation.	Pre-incubation	with	N-acetyl-
cysteine at up to 1 mM did not affect the shift caused by 
subsequent treatment with FeSO4	 at	 1	mM	 (Fig.	 3B).	
Glutathione	 is	 a	 critical	 intracellular	 antioxidant	more	

powerful than N-acetylcysteine and protects cellular 
components	 against	 oxidation,	 but	 pre-treatment	 with	
glutathione	 at	 5	mM	did	 not	 alter	 the	 shift	 (Fig.	 3C).	
Dithiothreitol is a reducing agent and prevents forma-
tion of disulphide bridges between cysteine residues, 
which may cause a conformational change in E-cad, but 
pre-incubation with dithiothreitol at up to 10 mM did 
not	affect	the	shift	either	(Fig.	3D).	These	results	indi-
cate that ROS are not involved in the mobility shift of 
E-cad in vitro under the conditions employed.

Fig. 1. Effects of iron overload on E-cadherin in the liver. (A)	Immunoblot	of	E-cad	extracted	in	LB.	Hjv+/+,	control;	
Hjv–/–, iron overload by haemojuvelin gene disruption, a mouse model of juvenile haemochromatosis. Arrows indicate 
E-cad bands. Bars indicate the location of the molecular weight standard. (B)	E-cad	extracted	in	detergent-free	buffer	and	
fractionated	by	differential	centrifugation.	C,	C57BL/6	control;	Fe,	C57BL/6	iron	overload	by	injection	of	iron	dextran;	
P2,	pellet	of	the	second	centrifugation,	containing	membrane-bound	proteins;	P3,	pellet	of	the	third/ultra	centrifugation,	
containing endosomes. (C)	Iron	dose	response	of	the	mobility	shift	of	E-cad	in vivo.	Different	doses	of	iron	dextran	(mg/
kg	body	weight)	were	examined.	(D)	E-cad	(Cdh1)	expression	detected	by	real-time	PCR.	Error	bars	represent	the	stand-
ard	deviation	of	three	experiments.

Fig. 2. Effect of Fe2+ on E-cadherin in vitro. (A)	Immunoblot	of	E-cad	in	LB	extracts	incubated	with	FeSO4 at 1 mM for 
30	min	at	30	°C.	C,	C57BL/6	control;	Fe,	C57BL/6	iron	overload	by	injection	of	iron	dextran;	Fe2+,	FeSO4. (B)	Iron	dose	
response	of	the	mobility	shift	of	E-cad.	Control	extracts	were	incubated	with	FeSO4	at different concentrations.

Y. Fujikura et al.
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Reversibility of the mobility shift

Deferoxamine	is	an	iron	chelator	and	is	used	in	chela-
tion therapy for iron removal in transfusional iron over-
load.	DFO	chelates	iron	by	binding	it	in	the	blood;	the	
resulting	 DFO-iron	 complex	 is	 excreted	 in	 urine	 and	
stool	 (Neufeld,	2006).	Therefore,	we	 tested	DFO	with	
the 115 kDa E-cad. The 115 kDa E-cad produced by the 
treatment	of	control	extracts	with	FeSO4 at 1 mM was 
shifted	back	to	125	kDa	upon	incubation	with	DFO	at	
2	mM	(Figs.	4.	3,	5).	Similarly,	the	115	kDa	E-cad	from	
the iron-overloaded mice generated by injection of iron 
dextran	was	converted	 to	125	kDa	by	 incubation	with	
DFO	at	1	mM	(Figs.	4.	7,	8).	These	results	clearly	dem-
onstrated that the mobility shift is reversible. 

Immunohistochemistry
In order to observe the effects of iron overload at the 

cellular level, the liver samples were analysed by im-
munohistochemistry.	Iron	deposition	(blue)	was	detect-
ed	only	in	the	iron	overload	sample	(Fig.	5A,	B),	clearly	
demonstrating a sign of iron overload at the cellular 
level.	Whereas	in	the	control	sample	E-cad	(brown)	was	
clearly detected at the plasma membrane around bile 
ducts	 and/or	 intrahepatic	 vessels,	 in	 the	 iron	 overload	
counterpart, weaker staining of the protein was observed 
(Fig.	5C,	D),	demonstrating	that	the	effect	of	iron	over-
load	on	the	cellular	expression	of	E-cad	in	the	liver	 is	
evident and detectable at this stage of iron overload. 

Discussion
Cadherins are membrane-bound proteins which asso-

ciate, directly and indirectly, with numerous regulatory 
proteins	at	both	cytoplasmic	and	extracellular	domains,	

and thus cadherins are key components associated with 
many mechanisms that regulate the integrity of AJs 
(Zaidel-Bar,	2013).	Since	E-cad	is	the	major	cadherin	in	
liver epithelial cells and its dysfunction is known to lead 
to tissue injury and eventually to carcinogenesis, we in-
vestigated	E-cad	in	order	to	detect	initial	alteration(s)	by	
iron overload in the liver, which may result in hepato-
cellular carcinoma. Our investigation of the liver from 
iron-overloaded mice revealed that iron overload causes 
an alteration of E-cad, which was detected as a mobility 
shift	in	SDS-PAGE	under	reducing	conditions;	the	shift	
was	found	to	be	reversible,	and	the	cellular	expression	
of	E-cad	was	decreased.	The	present	study	is	the	first	to	
report a reversible mobility shift of E-cad. 

The mobility shift of E-cad was demonstrated by im-
munoblotting	of	liver	extracts	from	mice	with	disrup-
tion of the haemojuvelin gene, a mouse model of ju-
venile	haemochromatosis	 (Niederkofler	et	al.,	2005)	

Fig. 3.	Effect	of	oxidative	stress	on	the	mobility	shift	of	E-cadherin	in vitro. (A)	Immunoblot	of	E-cad	in	control	extracts	
treated with H2O2	(oxidant)	at	different	concentrations	for	30	min	at	30	°C.	(B)	Control	extracts	were	first	treated	with	
NAC	(antioxidant)	for	5	min	at	30	°C	and	subsequently	with	FeSO4	at	1mM	for	30	min	at	30	°C.	(C)	Control	extracts	were	
first	treated	with	GSH	(antioxidant)	for	5	min	at	30	°C	and	subsequently	with	FeSO4 at 1 mM. (D)	Control	extracts	were	
first	treated	with	DTT	(antioxidant)	for	5	min	at	30	°C	and	subsequently	with	FeSO4	at	1	mM.	Fe2+,	FeSO4.

Fig. 4. Iron chelator reverses the mobility shift of E-cad-
herin in vitro.	Immunoblot	of	E-cad	in	LB	extracts	treated	
with FeSO4	and/or	DFO.	Control	extracts	were	first	treated	
with FeSO4	at	1	mM	for	30	min	at	30	°C	and	subsequently	
with	DFO	at	different	concentrations	for	further	30	min.	Fe	
samples	were	treated	with	DFO	only.	C,	C57BL/6	control;	
Fe,	C57BL/6	 iron	 overload	 by	 injection	 of	 iron	 dextran;	
DFO,	deferoxamine;	Fe2+,	FeSO4.
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previously	studied	in	our	laboratory	(Krijt	et	al.	2012),	
and	also	from	mice	injected	with	iron	dextran,	a	model	
of acquired iron overload. The detection of the shift in 
both	samples	confirmed	an	alteration	by	iron	overload,	
which	 was	 not	 strain-specific.	 Fractionation	 revealed	
that a fraction of 115 kDa E-cad was endosome-bound. 
In	the	P3	endosomal	fraction	of	the	Hjv–/– sample, only 
the 115 kDa E-cad was detected with lower intensity, 
suggesting that the alteration is more pronounced in the 
endosomal fraction and that E-cad in the fraction is rath-
er subjected to degradation than to recycling. The ef-
fects of iron on E-cad have not been previously fully 
elucidated.	Bilello	et	al.	(2003),	using	rat	hepatocytes	in	
long-term DMSO culture, reported that iron loading of 
hepatocytes resulted in decreased E-cad promoter activ-
ity and subsequently decreased E-cad mRNA and pro-
tein	 expression.	 In	 our	 study	 of	 the	 livers	 from	 iron-
overloaded	mice,	decreased	cellular	expression	of	E-cad	
was	observed	in	immunohistochemistry,	but	no	signifi-
cant change of the E-cad mRNA level was detected, 
suggesting that the mobility shift is posttranslational. 
The discrepancy of the observation may be due to dif-
ferent	experimental	conditions.	It	should	be	noticed	that	
in	order	to	detect	initial	alteration(s)	of	E-cad	caused	by	
iron overload, which might be minute, a buffer contain-
ing	a	mild	detergent	(0.5%	NP-40)	was	used,	by	which	
E-cad	affected	by	the	increased	level	of	iron	is	extracted	

but	not	E-cad	in	the	stable	AJs	(Fukumoto	et	al.,	2008).	
The majority of intact E-cad in the stable AJs, which 
would obscure detection of the alteration, i.e. the 115 
kD E-cad, by its large quantity, was precipitated by low 
centrifugal	 force	 (Tsukita	 and	Tsukita,	 1989)	 and	 thus	
excluded	from	the	analysis.
Iron	overload	could	generate	ROS,	which	inflict	dam-

age on cellular macromolecules such as lipids, proteins, 
and DNA. The association of iron overload with a high 
risk for carcinogenesis was previously reported (Huang, 
2003),	and	Deugnier	(2003)	reported	that	the	induction	
of	oxidative	stress	caused	by	ROS	is	 regarded	 to	be	a	
mechanism by which iron acts in carcinogenesis. There-
fore,	oxidative	stress	constitutes	a	plausible	cause	of	the	
mobility	 shift.	However,	 our	 study	 of	 oxidative	 stress	
did not indicate any effects of ROS on the mobility shift 
in vitro. It thus seems likely that ROS are not directly 
involved in the alteration that causes the mobility shift 
of E-cad.

Interestingly, the treatment with DFO to remove Fe2+ 
in vitro resulted in the reversal of the mobility shift. The 
observation provides an interesting new feature of the 
alteration of E-cad by iron overload. The reversal occurs 
not only for the 115 kDa E-cad generated by the treat-
ment	of	control	extract	with	Fe2+ in vitro, but also for 
that in the liver from iron-overloaded mice, indicating 
that the 115 kDa E-cad molecules from the two distinct 

Fig. 5. Immunohistochemistry of E-cadherin in the liver. (A)	Hjv+/+, control, and (B)	Hjv–/–, iron overload by haemojuve-
lin	gene	disruption,	a	mouse	model	of	juvenile	hemochromatosis,	were	stained	for	iron	(blue).	(C)	Hjv+/+	and	(D)	Hjv–/– 
were	stained	for	E-cad	(brown).	Original	magnification,	400×.
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samples represent the same polypeptide. Thus, it may 
also imply that the alteration by iron overload in vivo is 
reversible. Also, the observation eliminates possible 
causes for the shift such as transcriptional control, pro-
teolysis, and deglycosylation. The reversibility also 
confirms	no	participation	of	ROS	in	the	shift.	Therefore,	
it points toward a conformational change as a possible 
cause of the shift, and also possible direct involvement 
of Fe2+	in	the	change.	Toxic	metal	cadmium	was	re	ported	
to disrupt cadherin function in the kidney by displacing 
Ca2+	from	its	binding	sites	at	 the	extracellular	domain,	
possibly causing a conformational change (Pro zialeck et 
al.,	 2003).	 However,	 displacement	 of	 Ca2+ by Fe2+ in 
cadherin is not known. Meanwhile, it is known that the 
negatively	charged	phosphate	group	has	high	affinity	to	
metal	ions	(Machida	et	al.,	2007).	Since	E-cad	is	phos-
phorylated at the normal state and there are several po-
tential phosphorylation sites at the C-terminus in the 
cytoplasmic	domain	(Stappert	and	Kemler,	1994),	it	is	
possible that an interaction between the Fe ion and 
phosphate groups takes place, which could result in a 
conformational change, and thus the mobility shift. 
Phosphorylation is known to cause the mobility shift of 
catenins due to a possible conformational change 
(Calautti	et	al.,	1998;	Fukumoto	et	al.,	2008),	and	also	to	
regulate	 the	 function	 of	 the	 cadherin/catenin	 complex	
(Zaidel-Bar,	 2013),	 and	 therefore	 investigation	 of	 the	
phosphorylation	sites	in	E-cad	would	be	the	next	step	to	
elucidating the mobility shift.

Immunohistochemistry detected decreased cellular 
expression	 of	 E-cad.	 Since	 the	 mobility	 shift	 is	 not	
caused by proteolysis, the antibody should equally de-
tect	both	forms	of	E-cad,	115	and	125	kDa.	The	differ-
ence between the control and the iron overload sample 
in immunohistochemistry may therefore be due to that 
either some fraction of the 115 kDa E-cad is degraded, 
or the epitope is less accessible to the antibody in the 
115 kDa E-cad, perhaps due to a conformational change, 
or both. The vulnerability of the 115 kD E-cad was de-
tected	in	the	P3	fraction.	Interestingly,	the	epitope	of	the	
employed antibody is located near the potential multiple 
phosphorylation site at the C-terminus. Thus, the lower 
accessibility	 to	 the	 antibody	 cannot	 be	 excluded.	The	
iron dose dependency of the mobility shift, in vitro as 
well as in vivo,	 and	 the	 decreased	 cellular	 expression	
detected by immunohistochemistry suggest that increas-
ing amounts of iron would result in more pervasive al-
teration of E-cad, and thus more progressed cellular 
damage.	Our	observation	fits	well	with	the	finding	that	
the intensity of the cadherin signal gradually weakens 
from non-tumorous tissue to tumour regions in hepato-
cellular	carcinomas	(Zhai	et	al.,	2008).	

The mobility shift is caused by an alteration of E-cad 
induced by iron overload, which would result in weak-
ened cell adhesions in AJs and could eventually lead to 
the onset of carcinogenesis. Further studies of the altera-
tion may therefore provide a new insight into the roles 
of E-cad in AJs and also contribute to better understand-

ing the pathology caused by iron overload, which could 
lead to the development of therapeutic methods.
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