
Defining a role for the homeoprotein Six1 in EMT and mammary
tumorigenesis

Derek C. Radisky

J Clin Invest. 2009;119(9):2528-2531. https://doi.org/10.1172/JCI40555.

Homeobox (Hox) genes encode transcription factors that act as critical regulators of growth and differentiation during
embryogenesis. While many studies have identified increased expression of Hox genes in tumors, much less is known
about the mechanistic basis by which Hox genes facilitate tumor development. In this issue of the JCI, McCoy and
colleagues show that transgenic mice that express the homeoprotein Six1 in mammary epithelial cells show increases in
stem/progenitor cell populations and subsequent tumor development, while in a separate study Micalizzi and colleagues
show that overexpression of Six1 facilitates breast cancer cell metastasis by inducing epithelial-mesenchymal transition
(EMT) (see the related articles beginning on pages 2663 and 2678, respectively). Their findings implicate Six1 as a
central mediator of breast cancer development.
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Mir143/145 gene cluster alter homeostatic 
control of blood pressure, and are miRNAs 
involved in pathological conditions includ-
ing atherosclerosis? The answers to these 
questions promise to provide new insights 
into our understanding of cardiovascular 
development and the pathogenesis of vas-
cular proliferative syndromes.
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Homeobox	(Hox)	genes	encode	transcription	factors	that	act	as	critical	reg-
ulators	of	growth	and	differentiation	during	embryogenesis.	While	many	
studies	have	identified	increased	expression	of	Hox	genes	in	tumors,	much	
less	is	known	about	the	mechanistic	basis	by	which	Hox	genes	facilitate	
tumor	development.	In	this	issue	of	the	JCI,	McCoy	and	colleagues	show	that	
transgenic	mice	that	express	the	homeoprotein	Six1	in	mammary	epithelial	
cells	show	increases	in	stem/progenitor	cell	populations	and	subsequent	
tumor	development,	while	in	a	separate	study	Micalizzi	and	colleagues	show	
that	overexpression	of	Six1	facilitates	breast	cancer	cell	metastasis	by	induc-
ing	epithelial-mesenchymal	transition	(EMT)	(see	the	related	articles	begin-
ning	on	pages	2663	and	2678,	respectively).	Their	findings	implicate	Six1	as	
a	central	mediator	of	breast	cancer	development.

Breast  cancer  progression  is  a  highly 
orchestrated process  that  is much more 
than just acquisition of increased cellular 
proliferative capacity. The first step in the 
development of breast cancer, proliferation 

of epithelial cells into the central lumen, 
involves the acquisition by the cancer cells 
of the ability to evade structural and bio-
chemical constraints imposed by cell-cell 
and cell–extracellular matrix interactions. 
Progression from early, proliferative dis-
ease through ductal carcinoma in situ to 
invasive breast cancer requires the ability to 
break down the basement membrane and 
to interact with the stromal extracellular 

matrix. The ultimate development of meta-
static capability, the most deadly and least 
treatable stage of breast cancer progression, 
requires the cancer cells to separate from 
the parental  tumor mass,  to  intravasate 
into  and  subsequently  extravasate  from 
the vasculature, and to settle and grow at 
a distant site. All of these steps, from ini-
tial breakdown of tissue structure, through 
increased invasiveness, and ultimate distri-
bution throughout the body, are charac-
teristic features of epithelial-mesenchymal 
transition (EMT), a developmental process 
in which adhesive epithelial cells acquire 
the motile and migratory characteristics of 
mesenchymal cells (1). Both developmental 
and pathologic EMT are associated with 
dramatic alterations  in patterns of gene 
expression, and recent studies have shown 
that a number of the transcription factors 
that regulate developmental EMT, includ-
ing Snail, Slug, and Twist, are also acti-
vated during breast cancer progression (2). 
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Determination that transcription factors 
involved in early stages of development also 
become reactivated in tumors provides the 
possibility of entirely novel targets for ther-
apeutic intervention. However, although 
there has been considerable recent research 
effort directed toward understanding how 
EMT  is  controlled  during  breast  cancer 
progression, it is clear that our understand-
ing of this process is still incomplete.

EMT as a source of cellular diversity
Apart from tissue morphogenesis, EMT in 
development plays an important first step 
in the generation of diverse cell and tissue 
types, as cells that have undergone EMT 
and migrated to different points within 
the body can redifferentiate into epithelial 
cells (a process known as mesenchymal-epi-
thelial transition [MET]) or into other cell 
types (1). Gastrulation, the earliest EMT 
in development, results in the formation, 

from the ectoderm, of the mesoderm and 
the  endoderm.  The  mesoderm  contains 
precursors that give rise to muscle, bone, 
and  connective  tissues,  while  the  endo-
derm ultimately differentiates into organs 
of the digestive and respiratory tract. EMT 
that occurs during neural crest delamina-
tion produces cells that act as precursors 
of neurons, melanocytes, bone, and con-
nective tissues. Recent studies have shown 
that EMT may act in tumor development 
in a similar fashion, producing cells with 
stem/progenitor cell characteristics and an 
increased ability to differentiate into the 
variety of different cell types that compose 
the tumor (3–5).

As  the  initiating cells  that give  rise  to 
every different cell type in the body, stem 
cells have been extensively investigated for 
their role in embryonic development, but 
studies have shown that cells with stem/
progenitor cell properties may also play 

critical roles in tumor formation and pro-
gression (6). Normal stem cells proliferate 
very slowly, exist as minority populations 
in defined niches within tissues, and have 
distinct  responses  to  cytotoxic  agents 
and other extracellular stimuli  (7, 8).  In 
normal tissues, stem cells can give rise to 
other stem cells or to progenitor cells that 
further differentiate into the different cell 
types within the tissue. While it has been 
long suspected that some cancers may be 
derived from transformed stem cells, or 
that cancers might acquire the ability of 
stem cells to undergo limitless prolifera-
tion, it was not until 1994 that cells with 
these properties, designated “tumor-initi-
ating cells” or “cancer stem cells” (CSCs), 
were first found in human acute myeloid 
leukemia  (9).  Since  this  initial  observa-
tion, cells with CSC characteristics have 
been  found  in  solid  tumors,  including 
breast, brain, colon, and pancreas (10–14), 

Figure 1
Mammary tumor growth and metastasis is 
induced by overexpression of Six1. (i) Normal 
mammary epithelium consists of a bilayered 
epithelial structure of myoepithelial and lumi-
nal epithelial cells, surrounded by a continu-
ous basement membrane. (ii) In their study in 
this issue of the JCI, McCoy et al. (15) show 
that transgenic mice that express Six1 under 
control of the mouse mammary tumor virus 
show induction of mammary ductal hyperpla-
sia and growth of mammary tumors. Micalizzi 
et al. (16) in their study show that overexpres-
sion of Six1 in cultured human mammary epi-
thelial cells leads to induction of EMT through 
stimulation of the TGF-b receptor and that, 
following xenograft implantation in immune-
compromised mice, Six1-induced EMT facili-
tates tissue invasion and spread of these cells 
to the vasculature (iii) and formation of metas-
tases in the lymph and bone (iv).
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and the evidence that CSCs possess both 
greatly enhanced tumorigenic capability 
and increased resistance to many cytotoxic 
therapies has greatly increased interest in 
how CSCs are derived and how therapeutic 
agents more effective for targeting CSCs 
might be identified (6). Recent investiga-
tions using cultured human breast cancer 
cells  (3, 4) and transgenic mice  (5) have 
shown that conditions that induce EMT 
in cancer cells also increase the population 
of cells with CSC characteristics, provid-
ing potential  insight  into a new mecha-
nism by which EMT may promote tumor 
progression. Unanswered by these studies, 
however, was the question of what under-
lying processes govern the earliest stages 
of tumor development. A pair of studies 
in this issue of the JCI, from the research 
group led by Heide L. Ford, use a transgenic 
mouse model to show that targeted expres-
sion	in mammary epithelial cells of Six1, a 
protein previously shown to be associated 
with breast and other cancers, is sufficient 
to induce EMT, tumor development, and 
amplification of cells with CSC character-
istics (15, 16).

Six1 stimulates mammary  
tumor progression through  
induction of EMT
Homeobox (Hox) genes encode an extensive 
family of conserved transcription factors 
designated  as  homeoproteins,  members 
of which have been implicated in nearly 
every  step  of  embryonic  development, 
controlling proliferation, cell death, and 
morphogenesis. Deregulation of Hox gene 
expression has been found in many cancer 
types, and while a direct causative relation-
ship  between  increased  expression  and 
cancer development has not been identi-
fied for most Hox genes, those found to be 
upregulated in cancer are usually associat-
ed with poorly differentiated cell types dur-
ing development (17). Six1 is a homeopro-
tein that is essential for the development of 
a number of organs and is upregulated in 
proliferating precursor populations rela-
tive to differentiated adult tissues (18). Six1 
was first identified as upregulated in breast 
cancer  cells  in  1998  (18).  In  the  decade 
since, subsequent studies have shown that 
it may play a critical role in breast cancer 
development. Six1 shows increased expres-
sion in human breast cancer through gene 
amplification (18, 19), and exogenous over-
expression of Six1 in mammary cells is suf-
ficient to induce malignant transformation 
and chromosomal instability (20). Mecha-

nistic insights come from the observation 
that overexpression of Six1 leads to abro-
gation of cell cycle checkpoints (18). The 
current studies by McCoy et al. (15) and 
Micalizzi et al.  (16) considerably extend 
these  previous  investigations  by  using 
mouse models to define how Six1 induces 
EMT to stimulate tumor development and 
metastasis (Figure 1).

McCoy et al. (15) present evidence reveal-
ing  how  Six1  may  function  to  promote 
tumors at the earliest stages of development 
through the use of new transgenic mice that 
inducibly express Six1 in mouse mammary 
epithelial cells. Expression of Six1 led to epi-
thelial hyperplasia and alveolar expansion 
within the first few weeks. Sustained expres-
sion of Six1 led to the formation of aggres-
sive tumors characterized by highly diver-
gent epithelial differentiation that included 
regions displaying evidence of EMT. Six1 
expression was also shown to increase the 
fraction of epithelial cells expressing mam-
mary stem/progenitor characteristics: isolat-
ed primary epithelial cells from Six1-express-
ing mice showed increased expression of the 
stem/progenitor cell–associated cell surface 
markers CD24 and CD29, as well as greatly 
increased  growth  as  mammospheres,  an 
assay that reflects cell self-renewal. Thus, 
Six1-induced  EMT  was  associated  with 
increases in the population of stem/progen-
itor cells and spontaneous tumor growth. 
Micalizzi et al. (16) used a parallel approach 
to define how Six1-induced EMT facilitates 
tumor metastasis using xenograft assays. 
Overexpression of Six1 in cultured human 
mammary  cells  caused  immediate  mor-
phological EMT, and Six1-overexpressing 
cells showed a greatly increased propensity 
for spontaneous metastasis in orthotopic 
xenografts, as well as substantially greater 
metastatic capability following intracardiac 
injection. Analysis of transcriptional altera-
tions in Six1-overexpressing cells revealed 
the activation of a TGF-b response signa-
ture, and inhibition of TGF-b signaling in 
Six1-overexpressing cells greatly reduced 
their metastatic capability. Consistent with 
the concept that Six1 could act to promote 
metastasis  in human tumors, analysis of 
publicly  available  datasets  showed  that 
increased expression of Six1 was predictive 
of decreased time to metastasis, relapse, and 
survival in breast cancer, and of poor prog-
nosis in a number of other cancers.

Future directions
The current studies (15, 16) define a cen-
tral  role  for Six1  in  the development of 

diverse tumor types, provide insight into 
the  role of Six1-induced EMT in  tumor 
development, and point toward avenues 
of  research with considerable potential. 
Six1, as a transcription factor that is little 
expressed in adult tissues except in tumors, 
represents an attractive therapeutic target, 
but selective inhibition of transcription fac-
tors can be challenging. However, the new 
mouse models developed for these studies 
could be particularly useful for testing and 
refining appropriately targeted inhibitors. 
Additionally, defining how Six1 increases 
the stem/progenitor cell population, and 
whether these increases are directly respon-
sible for the subsequent tumor develop-
ment, could provide insight into the stage 
of tumor development at which Six1 inhi-
bition might be most effective. Similarly, 
determination of how Six1 activates TGF-b  
signaling in breast cells, whether through 
induction of TGF-b itself or through some 
alternate mechanism, could better define 
how  Six1-induced  metastasis  might  be 
targeted.  Perhaps  the  most  important 
question will be the extent to which the 
Six1-induced processes identified here are 
involved in human breast cancer develop-
ment and how we can translate these find-
ings for clinical benefit.
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Endocytic control of ion channel density as  
a target for cardiovascular disease

Gail A. Robertson
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Ion	channels	encoded	by	the	human	ether-a-go-go-related	gene	(HERG)	give	
rise	to	the	rapidly	activating	delayed	rectifier	K+	current	(IKr),	the	perturba-
tion	of	which	causes	ventricular	arrhythmias	associated	with	inherited	and	
acquired	long	QT	syndrome.	Electrolyte	imbalances,	such	as	reduced	serum	
K+	levels	(hypokalemia),	also	trigger	these	potentially	fatal	arrhythmias.	In	
this	issue	of	the	JCI,	Guo	et	al.	report	that	physiological	levels	of	serum	K+	
are	required	to	maintain	normal	HERG	surface	density	in	HEK	293	cells	and	
IKr	in	rabbit	cardiomyocytes.	They	found	that	hypokalemia	evoked	HERG	
channel	ubiquitination,	enhanced	internalization	via	endocytosis,	and	ulti-
mately	degradation	at	the	lysosome,	thus	identifying	unbridled	turnover	as	
a	mechanism	of	hypokalemia-induced	arrhythmia.	But	too	little	channel	
turnover	can	also	cause	disease,	as	suggested	by	Kruse	et	al.	in	a	study	also	
in	this	issue.	The	authors	identified	mutations	in	TRPM4	—	a	nonselective	
cation	channel	—	in	a	large	family	with	progressive	familial	heart	block	type	
I	and	showed	that	these	mutations	prevented	channel	internalization	(see	
the	related	articles	beginning	on	pages	2745	and	2737,	respectively).

How can a drop in serum K+ levels cause 
sudden cardiac death? Hypokalemia has 
long been recognized as a risk factor for 
potentially catastrophic Torsades de pointes 
(TdP) ventricular arrhythmias (1, 2). TdP is 
often associated with long QT syndrome, 
characterized  by  delayed  repolarization 
after excitation of the heart and a corre-
sponding increase of the QT interval on 
the ECG (Figure 1). Delayed repolarization 
arises when ventricular action potentials are 
prolonged, leading to electrical instabilities 
at both the cellular and the tissue level that 

trigger arrhythmia. A critical determinant 
of action potential duration (APD) is the 
so-called rapidly activating delayed rectifier 
K+ channel current (IKr; ref. 3). Sanguinetti 
and colleagues demonstrated that IKr block 
causes  APD  prolongation  in  ventricular 
myocytes (3), and IKr amplitude paradoxi-
cally diminishes in low levels of extracellular 
K+ concentration ([K+]o) despite increased 
concentration gradient and driving force 
(4). Thus, IKr emerged as a potential target 
for hypokalemia-induced TdP.

When it was subsequently determined 
that IKr was produced by assemblies of sub-
units encoded by the human ether-a-go-go-
related gene (HERG; refs. 5, 6), analysis of 
gating mechanisms in the heterologously 
expressed HERG channel led to the first 

proposals for a mechanism of hypokalemia-
induced reduction in IKr. The early studies 
showed that HERG channels respond to a 
depolarizing voltage command by entering 
a stable, inactivated state that suppresses 
the current; upon repolarization, inactiva-
tion recovers to unleash a large resurgent 
tail current (Figure 2A and refs. 5, 6). Dur-
ing a ventricular action potential,  these 
gating transitions work together to ensure 
that the resurgent current peaks late and 
contributes to phase 3 repolarization (Fig-
ure 2B and ref. 7). The suppression at posi-
tive voltages occurs by a C-type inactivation 
mechanism in which the conducting path 
collapses, a process enhanced in low [K+]o 

(8, 9). Such a mechanism could explain a 
reduction in IKr amplitude in conditions of 
low [K+]o and was thus proposed to medi-
ate hypokalemia-induced arrhythmia (10).

But the issue is not yet settled. The records 
of HERG currents in response to voltage 
step changes (e.g., Figure 2A) at room tem-
perature do not readily predict the effects of 
hypokalemia on the native channel during 
an action potential at physiological tem-
peratures. The current profile depends on 
multiple gating processes with distinct volt-
age, time, and temperature dependencies (5, 
6, 11). Reducing [K+]o will enhance channel 
inactivation and thus further suppress cur-
rent at the peak of the action potential, but 
the increase in driving force will have the 
opposite effect on current amplitude as the 
membrane potential begins to repolarize 

Conflict	of	interest: The author has declared that no 
conflict of interest exists.

Citation	for	this	article: J. Clin. Invest. 119:2531–2534 
(2009). doi:10.1172/JCI40427.


