
The Wnt/β-catenin signalling pathway 

In the absence of Wnt ligand, β-catenin 
is sequestered in a multiprotein 
degradation complex containing the 
scaffold protein Axin, APC, casein kinase 
I (CKI) and glycogen synthase kinase 3β 
(GSK3β).  

Upon phosphorylation β-catenin is 
ubiquitinated and subsequently degraded 
by the proteasome machinery. As a 
consequence, there is no transcription of 
Wnt target genes. 



In the presence of Wnt ligand, Axin is 
recruited to the plasma membrane. β-
catenin is then released from the 
multiprotein degradation complex and 
accumulates in the cytoplasm in a 
stabilized non-phosphorylated form.  

As a consequence, β-catenin is 
translocated into the nucleus, where it 
associates with transcription factors of 
the T-cell factor/lymphoid enhancing 
factor (TCF/LEF) family leading to the 
transcription of Wnt target genes, such 
as the c-myc oncogene and cyclin D1.  



•  In	vertebrates,	Wnt	
proteins	are	inhibited	by	
direct	binding	to	either	
secreted	frizzled-related	
protein	(SFRP)	or	Wnt	
inhibitory	factor	(WIF).	

•  SFRP	is	similar	in	sequence	
to	the	cysteine-rich	domain	
(CRD)	of	Frizzled,	one	of	the	
Wnt	receptors.	

	



Notum shoots the messenger in Wnt signalling.  
In Wnt-producing cells, the Wnt protein is made in the endoplasmic reticulum. There, 
an acyl group is added to Wnt by the membrane-spanning enzyme Porcupine. 
Secreted Wnt binds to its receptor Frizzled on target cells. This binding depends on 
the acyl group in Wnt.  
Kakugawa et al. report that the Wnt–Frizzled interaction is inhibited by the 
extracellular enzyme Notum, which specifically removes the acyl group from Wnt.  







WNT	SIGNALING	IN	CANCER	AND	HUMAN	
DISEASE	

	•  In	adults,	mis-regulation	of	the	Wnt	pathway	also	leads	to	a	
variety	of	abnormalities	and	degenerative	diseases	



•  Current	evidence	indicates	
that	the	Wnt	cascade	is	the	
single	most	dominant	force	in	
controlling	cell	fate	along	the	
crypt-villus	axis.	

•  In	Tcf4	-/-	neonatal	mice,	the	
villus	epithelial	compartment	
appears	unaffected	but	the	
crypt	progenitor	compartment	
is	entirely	absent,	implying	
that	physiological	Wnt	
signalling	is	required	for	
maintenance	of	the	crypt	
progenitor	phenotype.	

From	crypt	physiology	to	colon	cancer	
	



The intestinal epithelium: a dynamic tissue 

The absorptive epithelium of the small 
intestine is ordered into submucosal 
invaginations, the crypts of 
Lieberkuhn, and luminal protrusions 
termed villi.  

1- The crypt is mainly a proliferative 
compartment, monoclonal and is 
maintained by multipotent stem cells. 

 2- The villus represents the differentiated 
compartment, it is polyclonal as it 
receives cells from multiple crypts. 



Stem cells in intestinal crypts are characterized by distinctive features:  

(1)  Monoclonal origin,  

(2)  Retention of an undifferentiated phenotype, 

(3)  Ability to divide asymmetrically, 

(4)  Multipotency, 

(5)  High proliferative potential throughout life, 

(6)  Ability to repopulate entire crypts upon injury, 

(7)  Anchorage at the crypt base, in the stem cell niche. 



Slowly dividing multipotent stem cells are 
anchored at the base of each crypt.  

Stem cells give rise to an intermediate cell 
population referred to as transit amplifying 
(TA) cells: they undergo rapid proliferation 
(approx. every 12 h) and expands into a 
population of non-proliferating daughter cells.  

These daughter cells gradually differentiate 
into 4 epithelial lineages:  

1- absorptive cells or enterocytes;  

2- mucus-producing goblet cells;  

3- enteroendocrine cells, secreting 
hormones such as serotonin or secretin; 

4- Paneth cells, secreting antimicrobial 
peptides such as cryptidins, defensins and 
lysozyme. 

A sheath of specialized fibroblasts is apposed to the epithelial crypt cells.  

These so-called myo-epithelial fibroblasts are critical to the establishment of the 
crypt niche, sending signals which regulate the whole differentiation program. 



The Wnt cascade is the dominant force 
in controlling cell fate along the crypt-

villus axis. 



The multistep evolution 
of cancer 
(Fearon & Vogelstein, 1990) 

(i)  colorectal tumors result from 
mutational activation of oncogenes 
combined with the inactivation of 
tumor-suppressor genes,  

(ii)  multiple gene mutations are required 
to produce malignancies, and  

(iii)  genetic alterations may occur in a 
preferred sequence, yet the 
accumulation of changes rather than 
their chronologic order determines 
histopathological and clinical 
characteristics of the colorectal tumor. 



• In the adenoma-carcinoma sequence, the earliest identifiable lesion is a small 
dysplastic lesion in the colonic epithelium. 

• Aberrant crypt foci expand over time to form macroscopically visible adenomatous 
polyps. 

• Adenomas first advance to the carcinoma in situ stage.  

• Overtly invasive carcinomas often represent the first clinical presentation of colorectal 
tumors.  

• Little is known about the genetic alterations and precise mechanisms driving 
progression from early stage in situ carcinomas through the successive clinically defined 
stages of regional invasion and distant metastases. 

 



Most colon cancers (85%) are 
sporadic.  
Familial cases (15%) fall into 
two categories: 
 

•  Hereditary non-polyposis 
colon cancer (HNPCC) 

•  Familial adenomatous 
polyposis (FAP) 

In FAP, as in most sporadic CRCs, tumorigenesis occurs 
incrementally.  

The earliest lesions in the colon or the rectum are 
“aberrant crypt foci” which progress to benign tumors 
termed adenomas or adenomatous polyps.  

Colorectal polyps can eventually develop into malignant 
tumor stages termed adenocarcinomas.  

FAP patients develop hundreds to thousands of 
adenomatous polyps in the colon and rectum at an early 
age, of which a subset inevitably progresses to 
carcinomas if not surgically removed. 

Germline (loss-of-function) mutations in the APC gene 
were found to be the essential genetic event responsible 
for FAP. 



The	Wnt	pathway	in	colon	cancer	
	

•  The	APC	gene	was	originally	discovered	to	be	the	
culprit	in	a	hereditary	cancer	syndrome	termed	
familial	adenomatous	polyposis	(FAP).	

•  FAP	patients,	inheriting	one	defective	APC	allele,	
develop	large	numbers	of	colon	polyps,	or	
adenomas,	early	in	life.		

•  Individual	polyps	are	clonal	outgrowths	of	epithelial	
cells	in	which	the	second	APC	allele	is	inactivated.	



•  Mutational	inactivation	of	APC	leads	to	the	
inappropriate	stabilization	of	β-catenin,	implying	that	
the	absence	of	functional	APC	transforms	epithelial	
cells	through	activation	of	the	Wnt	cascade.	

•  In	some	cases	of	colorectal	cancer	in	which	APC	is	not	
mutated,	the	scaffolding	protein	axin	2	is	mutant,	or	
activating	(oncogenic)	point	mutations	in	β-catenin	
remove	its	N-terminal	Ser/Thr	destruction	motif.	



• In crypts, Wnt signaling maintains a proliferative phenotype in multipotent stem cells.  

• The absence of Wnt signaling in the villus compartment results in rapid cell cycle arrest and 
differentiation.  

• Inactivating mutations in the APC gene (that selectively disable binding to β-catenin) or 
activating mutations in β-catenin (that remove the regulatory phosphorylation sites) lead to 
nuclear accumulation of β-catenin .  

• Any mutational event stabilizing nuclear β-catenin in the intestinal epithelium, which leads to 
constitutively activated canonical Wnt signaling, represents the initiating event of intestinal 
tumorigenesis. 

The Wnt/β-catenin signalling pathway controls the homoeostasis of the 
intestinal epithelium 



1- nuclear accumulation of β-catenin is a hallmark of    
activated canonical Wnt signaling;  

2- APC (and Axin) is critical for β-catenin degradation 
and thus considered a key negative regulator of the 
Wnt/β-catenin signaling cascade.  

What about the intestine? 
• Nuclear β-catenin accumulates in the crypt stem cell/
progenitor compartments in small intestine and colon; 

• Transgenic expression in the intestine of adult mice of 
the Wnt inhibitor Dkk- 1 results in greatly reduced 
epithelial proliferation coincident with the loss of crypts; 

• Inducible inactivation of APC in the intestine of adult 
mice results within days in the entire repopulation of villi 
by crypt-like cells, which accumulate nuclear β-catenin 
and fail to migrate and differentiate. 

Wnt signaling is absolutely required for driving and maintaining crypt stem cell/progenitor 
compartments, and, thus, is essential for homeostasis of the intestinal epithelium. 





Cooperation	between	the	HGF	and	
WNT–β-catenin	pathways.		
A	recent	report	has	shown	that	interaction	of	
stroma-derived	hepatocyte	growth	factor/
scatter	factor	(HGF/SF)	controls	the	
maintenance	of	stem	cell-like	properties	of	
colon	cancer	cells,	which	is	a	function	of	
WNT–β-catenin	signalling.	
A	stem	cell	niche	(top	of	the	figure)	contains	
epithelial	(cancer)	stem	cells	(shown	in	
yellow)	that	are	surrounded	by	mesenchymal	
(myofibrillar)	niche	cells	(shown	in	blue),	
which	secrete	HGF/SF.	Multiple	mechanisms	
have	been	reported	to	allow	interactions	
between	MET	and	WNT–β-catenin	signalling	
in	epithelial	cells,	of	which	a	few	are	shown	
here.		
MET	can	contribute	to	the	transcriptional	
activation	of	WNT	ligands,	such	as	WNT7B.	
MET	can	also	induce	the	activation	of	
β‑catenin–TCF–LEF-target	genes;	for	example,	
through	direct	or	indirect	(SRC)	tyrosine	
phosphorylation	(P)	and	nuclear	targeting	of	
β‑catenin,	or	by	inhibition	of	the	β‑catenin	
degradation	complex	by	AKT	phosphorylation	
of	glycogen	synthase	kinase‑3β	(GSK3β).		



In	the	Wnt	off	state,	YAP	and	TAZ	are	phosphorylated	and	sequestered	in	the	cytoplasm.	When	located	in	
the	cytoplasm,	YAP/TAZ	interact	with	DVL	and	β-catenin.	Cytoplasmic	YAP	inhibits	the	nuclear	
translocation	of	DVL,	whereas	TAZ	inhibits	the	activity	of	CK1,	blocking	DVL	phosphorylation.	Some	
evidence	also	suggests	that	cytoplasmic	YAP	hinders	β-catenin	translocation	to	the	nucleus.		
	
In	the	Wnt	on	state,	R-spondins	can	synergize	with	Wnt	ligand	and	activate	the	β-catenin	transcriptional	
program.	Under	these	conditions,	if	YAP/TAZ	is	lost,	or	Hippo	signaling	is	ablated,	cells	experience	
hyperactive	Wnt	owing	to	increased	DVL	phosphorylation	and/or	nuclear	accumulation	as	well	as	
additional	nuclear	β-catenin.	Once	in	the	nucleus,	DVL	acts	as	a	transcriptional	co-factor	to	induce	β-
catenin	target	genes	in	conjunction	with	cJUN.	In	addition,	there	is	evidence	that	YAP	interacts	with	β-
catenin	and	TEAD	in	the	nucleus	to	activate	a	pro-growth	gene	expression	program.	

Regulation	of	Wnt	signaling	by	the	Hippo	pathway	



The	Hippo	pathway	in	
the	intestinal	crypts	



Potential	mechanism	for	YAP	repression	of	Wnt	in	
intestinal	crypts	

(a)  Under	normal	conditions,	YAP	levels	and	Wnt	signaling	are	balanced.	Wnt	signaling	is	received	by	ISCs	
in	intestinal	crypts	from	Paneth	cells	as	well	as	other	sources.	ISCs	divide	and	cells	progress	upward	out	
of	the	crypt	and	begin	to	differentiate.	YAP	is	found	in	the	nucleus	of	ISCs	and	some	other	crypt	cells,	
but	is	primarily	cytoplasmic	in	the	upper	crypt	and	villi,	where	it	is	likely	that	Hippo	targets	YAP	for	
phosphorylation.	It	is	currently	unclear	if	Hippo	activity	is	strictly	found	in	the	villi	as	compared	the	
crypts.	Although	immunohistochemical	analysis	would	suggest	that	Hippo	is	primarily	active	in	villi,	this	
deserves	more	analysis.		

(b) When	YAP	is	overabundant	in	the	cytoplasm,	Wnt	signaling	is	repressed	and	the	ISC	niche	is	disrupted,	
causing	aberrant	upward	migration	of	Paneth	cells	and	loss	of	ISCs.		

(c)  Because	of	ISC	loss,	the	intestinal	epithelium	degenerates.	
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The	Hippo	pathway	in	colon	cancer	





27	

YAP/TAZ	as	sensors	of	ECM	in	cardiac	progenitors	
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The	Hippo	pathway	in	the	heart	

•  YAP deletion in the heart 

Lethal cardiomyopathy 

•  Costitutive expression of YAP  in the heart after MI 

YAP S112A transgenic mice 
heart regenerate with an 
increase of proliferation 
rather than hypertrophy. 

Xin et al 2013!
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Role	of	TAZ	in	the	Epithelial-Mesenchymal	Transition	
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Summary	



How do species 
other than 
mammals 
regenerate 

organs? 





The extent to which the effects of ageing on the resident stem  cells determine the phenotype of an aged tissue 
is likely to correlate with the extent to which stem cells are responsible for normal tissue homeostasis and repair. 
Along this spectrum, tissues generally fall into one of three categories.  

1.  Tissues with high turnover (such as blood, skin and gut) have a prominent stem-cell compartment and, by 
definition, have high regenerative capacity.  

2.  Tissues with low turnover but high regenerative potential might use different strategies to ensure effective 
repair in the setting of acute injury.  

3.  Tissues with low turnover and low regenerative potential might have stem cells that mediate only limited 
tissue repair. Although there has been much interest in harnessing the potential of stem cells in the brain and 
heart for therapeutic purposes, for example, there is limited endogenous repair capacity of these tissues 
following acute injuries. 

Tissue heterogeneity 
and stem-cell 
functionality for 
homeostasis and 
repair 



In Urodeles Amphibians: 



After amputation, wound healing occurs. After wound healing three processes can be 
activated, either independently or together.  

•  Hydra undergo remodelling of pre-existing tissues to regenerate amputated parts.  

•  Planarians undergo both tissue remodelling and proliferation of resident adult 
somatic stem cells 

•  In Vertebrates, both stem-cell proliferation and the dedifferentiation of the cells that 
lie adjacent to the plane of amputation take place. The cells that respond to the 
stimulus of amputation eventually undergo determination and differentiation, resulting in 
new tissues that must then functionally integrate with and scale to the size of the pre-
existing tissues. 

Basic mechanisms of regeneration. 



In Vertebrates, there is evidence that both stem cells and cell-dedifferentiation processes have a 
role in blastema-mediated regeneration. 

In Invertebrates such as planarians, stem-cell proliferation seems to have a pivotal role. 

Basic steps in the formation of blastema in vertebrates 
and invertebrates. 



Regeneration in the newt limb: 
blastema formation 

After amputation, cartilage, connective tissue and 
musc le ce l l s loose the i r d i f fe rent ia ted 
characteristics and form a blastema. 

Blastema: a mesenchymal growth zone that 
undergo proliferation, differentiation and 
morphogenesis to regenerate the limb 

Does blastema formation involve cellular 
dedifferentiation or activation of quiescent 
stem cells? 
 
Cellular dedifferentiation does appear to occur 
during newt limb blastema formation together with 
stem cells proliferation.  
 
Transcription factors msxb and msxc are induced 
during blastema formation. These data are 
intriguing, as they are candidates for inducing 
dedifferentiation in mammalian cells and/or 
maintaining cells in undifferentiated state.	



General	progression	from	unamputated	to	fully	regenerated.		
(1)  Immediately	following	amputation	(within		24	h),	a	thin	wound	epidermis	

(magenta)	forms	across	the	cut	stump	via	migration	of	stump	epidermal	cells.	
The	wound	epidermis	thickens	as	cells	within	it	proliferate.		

(2) A	visible	bump,	termed	a	blastema	(blue),	forms	beneath	the	wound	epidermis.	
Blastema	cells	are	derived	from	activated	progenitor	cells	within	various	stump	
tissues	that	migrate	to	the	tip.		

(3) Blastema	cells	proliferate	to	expand	the	progenitor	pool.		
(4) The	initial	regeneration	response	resolves,	cells	begin	to	undergo	differentiation,	

and	the	limb	continues	to	grow	to	the	appropriate	size	



(B)	Architectures	of	tissues	such	as	bone	and	muscle	are	locally	deconstructed	near	the	
amputation	plane	and	are	therefore	shown	as	jagged.	Newly	activated	progenitor	cells,	
which	give	rise	to	future	blastema	cells,	are	cued	to	re-enter	the	cell	cycle	and	some	
fraction	of	them	presumably	migrate	to	the	space	immediately	below	the	wound	epidermis.	
Blood	cells,	both	red	and	white,	are	intermingled	with	blastema	cells.	A	‘nascent	blastema’	
is	equivalent	to	very	early	bud	stage	blastema	in	other	literature.		



Stages	of	tadpole	tail	regeneration.		
	
A	Xenopus	tadpole	tail	is	composed	
of	a	number	of	axial	structures	
including	the	spinal	cord,	
notochord,	and	somites.		
	
An	unamputated	tail	is	in	a	
polarized	state,	sustained	by	V-
ATPase	pumps	in	the	skin.			
After	amputation,	wounded	tail	is	
depolarized	and	simultaneously	
reactive	oxygen	species	(ROS)	are	
produced	at	the	amputation	site.	
Downstream	targets	of	the	ROS	
include	Wnt,	FGF,	Shh,	TGF-𝛽,	BMP,	
Notch,	and	Hippo	pathways.	V-
ATPases	are	also	upregulated	at	
this	stage	to	repolarize	the	skin.		
A	fully	functional	tail	is	regenerated	
7	days	after	amputation.		



Regenerative potential of Ambystoma 
mexicanum (Axolotl) 



Regenerative potential of 
Ambystoma mexicanum (Axolotl) 

http://science.discovery.com 





(A)	The	digit	starts	as	an	intact	tissue	with	various	connective	tissue	subcompartments.	Chondrocytes,	
blue;	pericytes,	pink;	periskeletal	cells,	green;	dermal	fibroblasts,	orange.	
(B)	At	the	early	stage	after	amputation,	chondrocytes	proliferate	in	situ	and	remain	in	place.	Pericytes	
also	divide	behind	the	amputation	plane.	Periskeletal	cells	migrate	without	cell	division	across	the	surface	
of	the	skeleton,	while	dermal	cells	migrate	underneath	the	wound	epidermis	(gray).	
(C)	In	the	mid-phase	of	regeneration,	pericyte	cells	migrate	along	blood	vessels	into	the	blastema	but	
retain	their	identity.	Early-migrating	periskeletal	cells	and	dermal	cells	start	proliferating,	often	already	
within	the	newly	forming	cartilage	core.	Migration	of	other	periskeletal	and	dermal	cells	from	behind	the	
amputation	plane	continues.	
(D)	In	the	late	phase	of	migration,	tissue	boundaries	are	already	visible	and	late-migrating	dermal	cells	
contribute	to	lateral	soft	connective	tissue.	



Whereas	a	wound	in	humans	gets	covered	with	skin	
tissue,	axolotls	transform	nearby	cells	into	stem	cells	
and	recruit	others	from	farther	away	to	gather	near	
the	injury.	There,	the	cells	begin	forming	bones,	skin	
and	veins	in	almost	the	same	way	as	when	the	animal	
was	developing	inside	the	egg.	Each	tissue	contributes	
its	own	stem	cells	to	the	effort.		
	
Transforming	growth	factor-β	is	THE	key	signalling	
molecule	in	axolotl	regeneration	



Common signaling pathways inducing  
regeneration 
Planaria 

Newt 

Zebrafish 

Cephalic and caudal regeneration in planarians is inhibited 
by the abrogation of the TGF-β pathway (silencing the 
expression of smad4)	

FGF10		

BMPR	(Alk3)		



Major signaling pathways involved in cellular 
differentiation are extensively conserved! 



Mammalian cells might maintain the pathways required 
to respond to the proper “pro-regeneration” signals 

Mononucleated cells from dedifferentiated myotubes exhibit 
signs of pluripotency (subjected to chondrogenic, osteogenic, 
adipogenic, and myogenic inducing signals) 


