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Chicken ovalbumin upstream promoter transcription factors (COUP-TFs) belong to the steroid/thyroid hormone

receptorsuperfamily.CloningoftheircDNAsdemonstratedtheexistenceoftwodistinctbutrelatedgenes:COUP-TFI

(EAR-3,NR2F1)andCOUP-TFII (ARP-1,NR2F2).Theyarereferredtoasorphanreceptorsbecause ligandsforCOUP-TFs

have yet to be identified. Since 1998, extensive studies have demonstrated their physiological importance in cell-fate

specification, organogenesis, angiogenesis, and metabolism, as well as a variety of diseases. In this article, we will

comprehensively review the biological functions of COUP-TFII and its underlying mechanism in various develop-

mental processes and diseases. In addition, we will briefly summarize some of the current findings of COUP-TFI.

(Endocrine Reviews 32: 404–421, 2011)
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I. Introduction

COUP-TFs were first cloned from a HeLa cell cDNA li-

brary (1) and shown to be transcriptional factors reg-

ulating the expression of the chicken ovalbumin gene in

chicken oviducts; hence, they were named chicken ovalbu-

min upstream promoter transcriptional factors. In mam-

mals, therearetwoCOUP-TFs,COUP-TFI(EAR-3,NR2F1,

according to the Nuclear Receptors Nomenclature Commit-

tee 1999) (1, 2) and COUP-TFII (ARP-1, NR2F2) (3, 4).

Both are encoded by distinct genes located on different chro-

mosomes. They are referred to as orphan nuclear receptors

because ligands for COUP-TFs have not been identified.

COUP-TFs possess the classic domain structure of nuclear

receptors. Specifically, theyencompass twohighlyconserved
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tein; CDH, congenital diaphragmatic hernia; CNS, central nervous system; COUP-TF,

chicken ovalbumin upstream promoter transcription factor; DBD, DNA-binding domain; E,

embryonic day; EGL, external granule cell; EphB4, ephrin receptor B4; ER�, estrogen re-

ceptor �; Hh, hedgehog; HNF4�, hepatocyte nuclear factor 4�; Ihh, Indian hedgehog; LBD,

ligand-binding domain; LECs, lymphatic endothelial cells; NP-1, neuropilin 1; Nrp2, neu-
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VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor; WAT, white adipose

tissue.
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motifs: 1) a DNA-binding domain (DBD) containing two

zinc-fingers; and 2) two highly conserved regions, I and II, in

the ligand-binding domain (LBD) (5). Strikingly, there exists

a 98% homology within the DBD of COUP-TFI and -II.

Additionally, COUP-TFI and -II share 96 and 100% se-

quence homology in the highly conserved region I and region

II, respectively. COUP-TFs form homodimers and bind to a

wide range of direct repeat AGGTCA motifs with a variety

of spacing and orientation (6, 7). In 20 yr of intensive re-

search since their discovery, COUP-TFs have been impli-

cated in many vital processes, such as organogenesis, angio-

genesis, and metabolic homeostasis, as well as in a variety of

developmentalprograms.Thesedevelopmentalprocesses in-

volve COUP-TFs in different cellular functions, such as the

cell fate determination, cell differentiation, cell survival, and

cell migration. Because COUP-TFI has recently been re-

viewed (8), we will discuss COUP-TFII in more detail here.

We will summarize the data available so far on COUP-TFII

functions in angiogenesis; lymphangiogenesis; adipogenesis;

energymetabolism;diaphragm,stomach, limb,skeletalmus-

cle, eye, retinal, and cerebellum development; cancer; and

female and male reproduction (Fig. 1), and on COUP-TFI

functions in early neural development.

II. Expression Patterns of COUP-TFII in Mouse

COUP-TFII, which maps to the central region of chromo-

some 7 in the mouse (9), has an onset of expression at em-

bryonic day (E) 8.5 in the visceral mesoderm and differenti-

ating myocardium of the sinus venosus and in the mesoderm

surrounding the umbilical veins (10) (Tables 1 and 2). At

E9.0, COUP-TFII transcripts are detected in the common

atrium and in the mesenchyme of the developing umbilical

veins, notochord, somite, hindbrain, and the otocyst as well

as in the optic vesicle (Table 1). As development proceeds,

COUP-TFII can also be detected in the surrounding mesen-

chyme of the foregut, midgut, hindgut, lung bud, septum

transversum, and hepatic primordium by E10.5 (C.-T. Yu,

S. Y. Tsai, and M.-J. Tsai, unpublished results).

At later stages of embryogenesis, COUP-TFII expression

continues in the mesenchymal compartment of the develop-

ing organs such as the kidney, lung, pancreas primordium,

prostate, stomach, limb buds, ovary, testis, trachea, esoph-

agus, and salivary gland (11). In general, COUP-TFII is ex-

pressed in the mesenchymal cells of the developing organs,

not in the terminally differentiated epithelium. As with

COUP-TFI, from birth onward, COUP-TFII is expressed at

a relatively low level in various developed organs including

theuterus, liver, stomach,mammarygland,kidney,prostate,

heart, lung, and brain. Taken together, the expression of

COUP-TFII ishighestatE14–E15in themesenchymalcom-

partment of the developing organs and declines sharply after

the completion of organogenesis. The spatial and temporal

expressionpatternofCOUP-TFIIsuggests thatCOUP-TFII

might play a major role in the regulation of mesenchymal-

epithelial interaction during organogenesis.

III. Multiple Roles of COUP-TFII in the
Developing Mouse

The dynamic expression patterns of COUP-TFII during em-

bryonic development of vertebrates and invertebrates sug-

gest thatCOUP-TFIImightbe important fororganogenesis.

To understand the physiological functions of COUP-TFII in

vivo, COUP-TFII null mouse mutants were generated in our

laboratory by homologous recombination in embryonic

stem cells (10). Targeted disruption of COUP-TFII in mice

resulted in early embryonic lethality. As discussed below,

recent data using mouse genetics provide novel insights into

the different roles of COUP-TFII during organogenesis and

development.

IV. Role of COUP-TFII in Cardiovascular
Development and Function

A. COUP-TFII is required for angiogenesis and

heart development

Heterozygous COUP-TFII (COUP-TFII�/�) mice ap-

peared smaller in comparison to the wild-type littermates at

birth, and the number of heterozygous mice was below the

FIG. 1. Involvement of COUP-TFII in physiological and pathological

processes during mouse development. CDH, Congenital diaphragmatic

hernia.
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expected Mendelian ratio (10). Heterozygous mice that sur-

vived past weaning were subfertile (10), and their intercross

generated a homozygous COUP-TFII (COUP-TFII�/�)

mutant. The homozygous mutants were lethal around E10

(10). Embryos at E9.5 are growth-retarded and have severe

hemorrhage in the forebrain throughout the brain vesicles

andheart (10).ByE10.5,mutantswereverybloodyandwere

being resorbed. Histological analyses of COUP-TFII null

mutants revealed defects in atrial and vascular development

(10). The common atrium appears smaller and fails to ex-

pand. In addition, the anterior and posterior cardinal veins

are either collapsed or severely malformed. Whole-mount

immunostaining for platelet endothelial cell adhesion mole-

cule-1, an endothelial cell marker, shows that the primitive

capillaryplexusdoes formbut fails toundergoremodeling to

generate largeandsmallmicrocapillaries, suggesting thatan-

giogenesis is defective in the null mutants.

The underlying mechanism contributing to the angio-

genicdefectshasbeen further investigated.Theexpressionof

angiopietin-1 (Ang-1), a secreted growth factor important

for angiogenesis, was significantly down-regulated in the

mesenchyme of the heart, brain, eye, and somite in COUP-

TFII mutants. On the other hand, the expression of Tie2, the

receptor for Ang-1, was not altered in these mutants. These

TABLE 2. A brief comparison of COUP-TFI and COUP-TFII

COUP-TFI COUP-TFII

Location on chromosome Chromosome 5 in human, chromosome 13 in

mouse (9)

Chromosome 15 in human, chromosome 7 in

mouse (9)

Amino acid homology in comparison to

COUP-TFI

100% (DBD), 100% (LBD) (5) 98% (DBD), 96% (LBD) (5)

Onset of expression in mouse E7.5 in the neural ectoderm (100) E8.5 in the visceral mesoderm and

differentiating myocardium (10)

Expression pattern in mice High in the developing neural tissues and low in

internal organs (100)

High in the mesenchymal component of the

developing organs (11)

Loss of function in mice Perinatal lethality (die by P2) (90) Embryonic lethality (die by E10) (10)

Potential physiological functions Axon myelination (94) Angiogenesis (11, 14, 77)

Axon guidance and arborization (90, 91, 93) Adipogenesis and metabolism (46)

Cortex patterning (88, 95) Cancer progression (84, 86, 87)

Formation of ganglion IX (90) Eye and cerebellum development (51, 53, 56)

Neuronal fate specification (51, 96) Venous and arterial specification (15)

Inner ear development (101) Limb myoblast migration (62)

Neural cell migration (102, 103) Male and female reproduction (37-39, 41-43)

Eye development (51) Stomach patterning (72)

Tumor metastasis (14)

Cellular mechanism Inhibition of transcription: direct binding of

COUP-TFs to DR site (6)

Similar to COUP-TFI (14, 33, 46, 51, 77)

Activation of transcription: tethering of COUP-TFs

to Sp1-bound at Sp1 site (104)

Reference numbers are in parentheses.

TABLE 1. The expression patterns of COUP-TFII in mice

Stage Expression domain Refs.

E8.5 Otic placode, visceral mesoderm, the primitive myocardium of the sinus venosus, the mesoderm

surrounding the umbilical veins

10

E9.5 The ventral part of the developing neural tube (floorplate), the motor neuron, the common

atrium, the mesenchyme of the developing umbilical veins, foregut, gut endoderm,

notochord, somite, hindbrain, otocyst, optic vesicle

51, 98, 99

E10.5 Similar to that of E9.5, neuroepithelium of midbrain and hindbrain, the dorsal root ganglion,

the first branchial arch, the surrounding mesenchyme of foregut, midgut, hindgut, lung bud,

septum transversum, hepatic primordium, and the mesonephric tube

C.-T. Yu, S. Y. Tsai, and M.-J.

Tsai, unpublished results

E14.5 Notochord, liver, muscle, cochlea, the adrenal gland, retina, the submandibular gland, the

mesenchymal compartment of the developing organs such as kidney, lung, pancreas

primordium, prostate, stomach, spleen, intestine, bladder, ovary, testis, trachea, esophagus,

olfactory epithelium, and salivary gland

Refs. 11 and 98; and C.-T. Yu,

S. Y. Tsai, and M.-J. Tsai,

unpublished results

E18.5 All tissues derived from endoderm (lung, pancreas, stomach, intestine, bladder, esophagus, and

thyroid), kidney, heart, ovary, testis

Refs. 37, 39, 43, 57; and C.-T.

Yu, S. Y. Tsai, and M.-J.

Tsai, unpublished results

Adult The ventral thalamus, hypothalamus, midbrain, pons, and spinal cord, Purkinje cells in the

cerebellum, venous and lymphatic endothelial cells, smooth muscle cells, testis, ovary, the

overall expression decreases after the completion of organogenesis

33, 37, 39, 43, 55, 56
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data imply that COUP-TFII might regulate the expression of

Ang-1 in the mesenchymal compartment and perturb the

Ang-1-Tie2signalingpathway,resulting intheheartandvas-

cular defects observed in COUP-TFII mutants (10). This

finding is supported by the fact that mice lacking Ang-1 or

Tie2 display similar vascular and cardiac phenotypes as

COUP-TFII mutants (12, 13). Furthermore, COUP-TFII is

shown to directly regulate Ang-1 expression in cultured cells

(14).Taken together,COUP-TFIIplaysan important role in

angiogenesis during development.

B. COUP-TFII confers vein identity

COUP-TFII�/� mutants exhibit the vascular abnor-

malities that are consistent with COUP-TFII expression

pattern in the vessels. COUP-TFII is highly expressed in

the endothelium of the veins, but not in the arterial endo-

thelial cells. In addition, COUP-TFII is expressed in the

smooth muscle cells of arteries (15). These distinct expres-

sion patterns indicate a possible role in the establishment

of arterial-venous identity. To address the contribution of

COUP-TFII in vein identity, chimera analysis has been

carried out and has shown that COUP-TFII null cells were

unable to contribute to endothelial formation, suggesting

that COUP-TFII has a cell-autonomous function in the

formation of the venous endothelium (15). When COUP-

TFII was deleted in the endothelium using Tie2-Cre re-

combinase, the knockout mice died by E12, exhibiting a

variety of vascular defects, including hemorrhage, well-

dilated vessels, and a defect in arterial-venous specifica-

tion (15). The general concept of arterial specification is

that sonic hedgehog (Shh) lies upstream of vascular endo-

thelial growth factor (VEGF) and Notch signaling to guide

the arterial cell fate (16). Shh secreted by the notochord

and floor plate of the neural tube is required for the in-

duction of VEGF expression in the somites (16). VEGF

binds to its receptor, VEGFR-2, and the coreceptor neu-

ropilin 1 (NP-1), which in turn activates Notch signaling

in the endothelial cells, leading to the expression of arte-

rial-specific marker ephrin B2 (efnb2) and the repression

of venous marker ephrin receptor B4 (EphB4) expres-

sion (17–19). In the endothelial-specific COUP-TFII

null mutants, arterial markers such as Notch1, Jagged1

(Jag1), Hey1 and NP-1 were ectopically expressed,

whereas venous marker EphB4 was reduced in the veins

of the mutants. Functional analysis also showed that

mutant veins behaved similarly to an artery, as was ev-

ident from the formation of hematopoietic cell clusters

at the aorta-gonad-mesonephros (AGM) in the mutant

veins and the recruitment of smooth muscle cells sur-

rounding the venous endothelium. The formation of

hematopoietic cell clusters and the recruitment of

smooth muscle cells are the hallmarks of a functional

artery, but not the vein (20). These findings demon-

strated that ablation of COUP-TFII in endothelial cells

enables veins to acquire arterial characteristics.

In contrast, transgenic embryos with ectopic expres-

sion of COUP-TFII in the endothelium exhibited the fu-

sion of veins and arteries (15). The disorganized vessels

revealed a significant down-regulation of arterial markers

such as NP-1 and Jag1 and up-regulation of a venous

marker, EphB4. This suggests that overexpression of

COUP-TFII proteins in endothelial cells suppresses the

arterial characteristics. These phenotypes resemble the

vascular phenotypes exhibited by mouse embryos lacking

NP-1, Notch1, or Notch signaling indicating that Notch

signaling is likely the downstream target that mediates the

defects of COUP-TFII mutants (17, 19, 21, 22). Taken

together, the novel feature of this phenotype supported the

new working model that, during normal development,

COUP-TFII in the venous endothelium suppresses NP-1

and other Notch signaling molecules to confer vein iden-

tity (Fig. 2). In contrast, the absence of COUP-TFII in the

arterial endothelium allows the expression of Notch sig-

naling molecules to activate the expression of artery-

specific genes that confer the artery identity.

C. COUP-TFII regulates coronary vessel identity

Similar to other vascular systems, coronary vasculature

development starts with the formation of the primitive

vascular plexus, which is evident by E12.5 (23). Estab-

lishment of the vascular network is followed by extensive

remodeling giving rise to mature coronary vasculature.

Interestingly, based on the locations, two sets of coronary

vessels can be identified in the developing mouse hearts:

subepicardial vessels, which are positioned closer to the

FIG. 2. Model showing arterial, venous, and lymphatic cell fate

specification in the developing embryos. In an arterial-fated angioblast,

upon VEGF stimulation, the VEGFR-2/Np-1 signaling activates Notch

signaling pathway, leading to the induction of arterial marker EphrinB2

and the establishment of arterial phenotype. In contrast, COUP-TFII

promotes venous cell fate by suppressing the expression of Np-1

and Notch signaling molecules in a venous-fated angioblast. As

development proceeds, a subset of Sox18 and COUP-TFII-expressing

venous endothelial cells turn on Prox1 expression, thus inducing the

activation of VEGFR-3/Nrp2 signaling. Both COUP-TFII and Prox1 are

required for suppressing blood endothelial cell fate and promoting

lymphatic endothelial cell fate. [Adapted from a model presented in

Kume T: Histol Histopathol 25:637–646, 2010 (105).]

Endocrine Reviews, June 2011, 32(3):404–421 edrv.endojournals.org 407
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epicardium; and intramyocardial vessels, which are lo-

cated within the myocardial wall. Corrosion casting stud-

ies in developing rat hearts and genetic studies in mice

suggested that subepicardial vessels and intramyocardial

vessels represent coronary veins and arteries, respectively

(24, 25). COUP-TFII is detected in EphB4-expressing cor-

onary venous endothelial cells, but not the Notch1 and

Jag1-positive coronary arterial endothelial cells (Fig. 3,

A–C). Instead, COUP-TFII is colocalized with �-smooth

muscle actin-positive smooth muscle cells surrounding the

coronary arteries (Fig. 3D). To trace COUP-TFII expres-

sion in specific cell types in vivo, the LacZ gene was placed

downstream of the floxed COUP-TFII allele, and a Cre-

lox system was used. In the presence of Cre recombinase,

the floxed COUP-TFII gene (COUP-TFIIflox/flox) will be

removed, allowing for expression of the �-galactosidase.

At E18.5, X-gal staining of Tie2Cre; COUP-TFIIflox/�

hearts revealed that the coronary venous system is mainly

located on the dorsal side of the hearts, including the cor-

onary sinus and its three major tributaries: the left cardiac

vein, themajorcaudal cardiacvein,and the right cardiacvein

(Fig. 3). The cardiac veins drain blood to the coronary sinus,

directly to the right atrium (25). As evidenced by X-gal stain-

ing of SM22�Cre; COUP-TFII flox/� hearts at postnatal day

(P) 0, which marks the smooth muscle cells of the artery, we

observed the coronary arterial system consisting of two

branches: the left cardiac artery, and the right cardiac artery

(Fig. 3). Section analysis further showed that veins are lo-

catedsuperficiallyundertheepicardium,whereasarteriesare

positioned bilaterally within the myocardial wall (Fig. 3, G

and H). The expression patterns of COUP-TFII in coronary

venous and arterial vessels closely resemble those shown for

the venous and arterial system (15).

The expression patterns of COUP-TFII in coronary vas-

culature highly suggest a critical role of COUP-TFII in

conferring coronary vessel identity. When the COUP-

FIG. 3. The expression domain of COUP-TFII in mouse hearts. A–D, Immunofluorescent staining of E19.5 hearts with antibodies against COUP-

TFII, venous marker EphB4, arterial markers Notch1 and Jag1, and smooth muscle cell marker �-smooth muscle actin (�-SMA) showed that COUP-

TFII is expressed in the endothelium of EphB4-positive subepicardial vessels (veins) and the smooth muscle cells of Notch1 and Jag1-expressing

intramyocardial vessels (arteries). 4’,6-diamidino-2-phenylindole is for nuclei staining. E, The visualization of the coronary venous system by using

Tie2Cre transgenic mouse line to label COUP-TFII in the endothelium. F, SM22�Cre transgenic mouse line was used to label COUP-TFII in the

smooth muscle cells. Whole-mount X-gal staining of SM22Cre; COUP-TFII F/� hearts at P0 clearly marks the coronary arterial system. G and H,

Histological sections of hearts (from panels E and F), showing that COUP-TFII is expressed in the endothelial cells of the coronary veins and the

smooth muscle cells of the coronary arteries. A, Artery; LA, Left atrium; LCA, left cardiac artery; LCV, left cardiac vein; LV, left ventricle; MCV,

major caudal cardiac vein; RA, right atrium; RCA, right cardiac artery; RCV, right cardiac vein; RV, right ventricle; V, vein.

408 Lin et al. Functional Roles of COUP-TFs Endocrine Reviews, June 2011, 32(3):404–421
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TFII gene was conditionally inactivated subsequent to the

formation of coronary vessels at E15.5, the coronary ve-

nous identity was altered at E18.5. The venous marker

EphB4 was down-regulated, whereas the arterial marker

Jag1 was ectopically expressed in the cardiac veins of

COUP-TFII conditional knockout mutants at E18.5 (Fig.

4). In contrast, the expression of Jag1 was unaffected in the

artery at E18.5 (Fig. 4). These results indicate that COUP-

TFII regulates coronary venous identity and further imply

that the coronary vessel identity is reversible during the

developmental window of E15.5 to E18.5.

D. COUP-TFII governs lymphangiogenesis

Although the role of COUP-TFII in angiogenesis is now

well recognized, recent evidence also indicates that COUP-

TFII plays a key role in lymphangiogenesis, the formation

of lymphatic vessels. A century ago, Sabin (26) proposed

that lymphatic vasculature has a venous origin. However,

the molecular evidence of its origin in mammals has only

recently been deciphered (27, 28). Lymphatic endothelial

cells (LECs) have been found to develop from venous en-

dothelial cells (27, 28). Srinivasan et al. (27) used lineage

tracing experiments and endothelial-specific COUP-TFII

mutants to demonstrate that mammalian lymphatic

vasculature has a venous origin. During early embry-

onic development, the SRY-related gene, Sox18, has

been shown to be required for Prox1 expression, and the

exclusive expression of Prox1 in LECs is shown to be

important for the formation and the maintenance of the

lymphatic vascular system (29 –32). However, Sox18 is

expressed in both arterial and venous endothelial cells

(30), yet Prox1 is only expressed in the LECs, suggesting

that Sox18 is not sufficient for the specification of LEC

identity. Instead, other factors with a venous origin

must contribute.

COUP-TFII is expressed not only in the venous endo-

thelial cells, but also in the LECs (15, 27). Conditional

ablation of COUP-TFII in mice results in the absence of

LEC progenitor cells, malformation of primitive lym-

phatic vessels, lymphatic sacs, and impairment of sprout-

ing lymphangiogenesis (33). Recently, Srinivasan et al.

(34) showed that COUP-TFII directly binds to the Prox1

promoter to activate its expression in venous LEC pro-

genitor cells, suggesting that COUP-TFII is necessary for

the initiation of Prox1 gene expression in the LEC pro-

genitor cells. Results using an in vitro system further

showed that COUP-TFII physically and functionally in-

teract with Prox1 to specify lymphatic cell fate (35, 36)

(Fig. 2). Collectively, the above results indicate that, in

addition to Prox1, COUP-TFII is indispensable for lym-

phatic vessel formation and lymphatic cell fate control

through direct regulation of Prox1 expression.

Additionally, the Prox1-expressing LECs adopt the

blood cell fate in the absence of COUP-TFII during a de-

velopmental window between E12.5 and E15.5, suggest-

ing that COUP-TFII also regulates lymphatic identity in-

dependent of Prox1 (33). In vitro studies using human

primary LECs show that COUP-TFII regulates LEC

proliferation and migration. Furthermore, we showed

that COUP-TFII controls sprouting lymphangiogenesis

through direct transcriptional regulation of neuropilin

2 (Nrp2), the coreceptor for VEGF-C (33). This result

clearly indicates that COUP-TFII is involved in the

FIG. 4. Coronary venous identity was altered in the absence of COUP-TFII. Transverse sections of control COUP-TFIIF/F and CRE-ERT2; COUP-TFIIF/F

mouse hearts at E18.5 (TAM administrated at E15.5) were analyzed using antibodies against COUP-TFII (A and B), EphB4 (C and D), and Jag1 (E

and F). When COUP-TFII is deleted, EphB4 is down-regulated (arrows) and Jag1 is ectopically expressed in the cardiac veins (arrowheads). A,

Artery; V, vein.
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VEGF-C/VEGFR-3/Nrp2 signaling pathway in the lym-

phatic system. In a spontaneous mouse breast cancer

model, inactivation of COUP-TFII substantially sup-

presses tumor-induced neo-lymphangiogenesis but

does not affect the preexisting lymphatic vessels, sug-

gesting that targeted inhibition of COUP-TFII signaling

with specific molecules is likely to inhibit only the

growth of the newly formed lymphatics (33). Together,

these findings suggest a potential therapeutic strategy

for COUP-TFII in antilymphangiogenic therapies to

prevent lymphatic-induced metastasis.

V. COUP-TFII in Reproduction

A. COUP-TFII is essential for normal female

reproductive functions

Recent studies of ovarian, uterine, and placental func-

tion in COUP-TFII mutants have shed light on the role of

COUP-TFII in female reproduction (37–39).

In the ovary, COUP-TFII is highly expressed in the

theca cells surrounding the follicles and weakly expressed

in the corpus luteum (37, 39). In the uterus, the COUP-

TFII staining was detected in the myometrium and in en-

dometrial stromal cells (37–39). COUP-TFII heterozy-

gous female mice are growth-retarded, and mating pattern

analysis shows that heterozygous females have a reduced

ability to synthesize progesterone in response to exoge-

nous gonadotropins as a result of a marked reduction in

the expression level of steroidogenic enzymes (39). Addi-

tionally, analysis of uterine function of uterine-specific

COUP-TFII knockout females (PRCre; COUP-TFII flox/

flox) showed embryo attachment failure and a reduced

uterine decidualization, indicating a defect in endometrial

function during the periimplantation period (38). The un-

derlying mechanisms of these defects are due to the im-

pairment of cross talk between the epithelial and stromal

compartments of the uterus. In the wild-type uterus, pro-

gesterone induces the expression of Indian hedgehog (Ihh)

in the epithelium, and the secreted Ihh regulates the ex-

pression of stromal COUP-TFII. COUP-TFII in turn con-

trols not only the stromal bone morphogenetic protein 2

(BMP2) to allow decidualization, but also epithelial es-

trogen receptor � (ER�) activity for proper embryo at-

tachment (38, 40, 41). The mutant mice, having COUP-

TFII deleted in the endometrial stromal cells, show a

reduced BMP2 level in stromal cells and an enhanced and

persistent estrogen receptor activity in the epithelium,

leading to defective decidualization and embryo attach-

ment (38, 42). Intriguingly, administration of a pure ER�

antagonist, ICI 182780, to the mutant mice partially res-

cues the implantation defect and restores the expression of

BMP2 (42). Collectively, these results suggest that COUP-

TFII is one of the major mediators of uterine epithelial-

stromal cross talk.

In addition to uterine defects, mice with incomplete

deletion of COUP-TFII in the uterine stromal and smooth

muscle cells generated by the anti-Müllerian hormone type

II receptor (Amhr2)-Cre exhibit a milder phenotype, in-

cluding a malformed placenta, leading to miscarriage at

E10–E12 (37). In mice, the placenta is composed of three

main layers by E9.5: the trophoblast giant cells that lie

across the maternal deciduas, the spongiotrophoblast, and

the labyrinth. COUP-TFII deficiency resulted in an in-

crease in the differentiation of the trophoblast giant cells,

a reduction in the cell number of spongiotrophoblasts, and

the absence of the labyrinth (37). These results indicate an

essential role of endometrial COUP-TFII in placentation.

Taken together, these results suggest that COUP-TFII is

important for normal female reproductive function.

B. COUP-TFII is important for the differentiation of

Leydig cells for proper male fertility

Although extensively studied in models of female re-

production, COUP-TFII is also indispensable for male go-

nad development and function. Inactivation of COUP-

TFII during prepubertal stages of male development by

using tamoxifen (TAM)-inducible cytomegalovirus im-

mediate-early enhancer/chicken �-actin/rabbit �-globin

hybrid (CAGG)-Cre-ER mouse line results in infertility,

hypogonadism, and spermatogenesis arrest (43). Addi-

tionally, COUP-TFII null mice display Leydig cell hyp-

oplasia. Leydig cells are the interstitial cells of the testes

and were shown to produce testosterone (44). In the testes

of COUP-TFII homozygous adult males, Leydig cell dif-

ferentiation is arrested at the progenitor cell stage, leading

to the reduced level of testosterone. Administration of tes-

tosterone could largely rescue hypogonadism and sper-

matogenic defects, but not the Leydig cell hypoplasia in

COUP-TFII null mice. It has been shown that Notch sig-

naling is important for the maintenance and differentia-

tion of fetal Leydig progenitor cells (45). Treatment of the

�-secretase inhibitor, N-[N-(3,5-difluorophenacetyl)-l-

alanyl]-S-phenylglycine t-butyl ester, or deletion of the

Notch downstream target Hes1 facilitates Leydig cell dif-

ferentiation. Conversely, up-regulation of Notch signal-

ing maintains the status of progenitor cells and restricts

their differentiation into mature Leydig cells. Given that

COUP-TFII confers vessel identity through inhibiting the

activity of Notch signaling, we investigated whether

COUP-TFII also functions upstream of Notch signaling to

control progenitor Leydig cell differentiation. As shown in

Fig. 5, up-regulation of Notch signaling is indeed observed

in the testes of the COUP-TFII mutant, as indicated by the

increased levels of expression of Notch 2, Notch3, Hes1,

and Hes2. As a consequence, these increases likely con-
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tribute to the differentiation defects of progenitor Leydig

cells in the COUP-TFII mutant mice. However, the de-

tailed mechanism of how COUP-TFII regulates Notch sig-

naling needs to be further defined. Although important for

testis organogenesis and progenitor Leydig cell formation,

COUP-TFII is not required for Leydig cell maintenance, as

is evident by normal function of Leydig cells when COUP-

TFII is deleted in the adult stage (43). Thus, COUP-TFII

plays roles in progenitor Leydig cell formation and early

testis organogenesis.

VI. COUP-TFII in Energy Metabolism
and Adipogenesis

A. COUP-TFII plays an important role in

energy homeostasis

Increasing evidence suggests that COUP-TFII may have

a role in energy metabolism given the fact that COUP-

TFII heterozygous mice are lean and resistant to high-fat

diet-induced obesity (46). These mice have less white ad-

ipose tissue (WAT) and less lipid storage in the liver com-

pared with the wild-type mice. They also have a reduced

level of WAT development-related genes, such as PPAR�,

C/EBP�, aP2, PEPCK, and LPL, which implies a proa-

dipogenic role for COUP-TFII (46). Additionally,

heterozygous mice have similar food intake as wild-type

mice but are leaner, in large part due to an increase in basal

metabolic rate. COUP-TFII deficiency protects against

high-fat diet-induced obesity by an increase in mitochon-

drial biogenesis in the WAT, muscle mass, and locomotive

activity, suggesting higher energy expenditure in the

heterozygous mice (46). An increase in insulin sensitivity

and an improvement of glucose homeostasis in insulin tol-

erance and glucose tolerance tests, respectively, correlated

with enhanced metabolism in the heterozygous mice (46).

Finally, hyperinsulinemic-euglycemic clamp experiments

demonstrated an increase in glucose uptake in the skel-

etal muscle and WAT. The importance of COUP-TFII in

glucose homeostasis is further supported by the pres-

ence of COUP-TF response elements in the promoters of

numerous genes encoding metabolic enzymes (47). Col-

lectively, these data indicate that COUP-TFII is impor-

tant for energy homeostasis. The studies also highlight

a potential therapeutic application of COUP-TFII in regu-

lating energy metabolism and metabolic syndromes.

B. COUP-TFII plays a central role in adipogenesis

The decreased expression of WAT development-related

genes in COUP-TFII�/� mice suggests its involvement in the

regulation of adipogenesis. Consistent with the in vivo re-

sults, knockdown of COUP-TFII in 3T3-L1 cells and mouse

embryo fibroblasts results in decreased adipocyte differenti-

ation, indicating a positive role of COUP-TFII in adipogen-

esis (46). In contrast to the resultsdescribedabove, twoother

groups recently reported COUP-TFII as a negative regulator

in adipogenesis. Xu et al. (48) showed that ectopic expres-

sion of COUP-TFII reduced and short hairpin RNA me-

diated down-regulation of COUP-TFII-induced adipo-

genesis in 3T3L1 cells. Okamura et al. (49) showed that

COUP-TFII recruited the SMRT corepressor complex to

the PPAR� gene, leading to inhibition of adipogenesis.

The reason for the discrepancy between these studies is

unclear at present. It might be due to the timing when

COUP-TFII was knocked down in the cell culture system.

Because a transient increase in COUP-TFII expression oc-

curs 4–24 h subsequent to the induction of differentiation

in 3T3-L1 cells (46, 50), it is likely that COUP-TFII pos-

itively regulates adipogenesis at an early expansion phase,

whereas the persistent expression of COUP-TFII during

differentiation may be inhibitory.

VII. COUP-TFII in the Neuronal Development

A. COUP-TFs determine the cell fate of the progenitor

cells in the eye development

During eye morphogenesis, the early progenitor cells in

the optic primordia are specified and differentiated into

diverse types of neural cells. Both COUP-TFI and COUP-

TFII are coexpressed in the progenitor cells of the dorso-

distal optic vesicle at E9.5 (51). These two genes compen-

sate for each other functionally because deletion of either

gene has little effect on programming the development of

progenitor cells (51). The most likely reason for the lack of

phenotype in a single gene knockout mutant is the expan-

sion of COUP-TFI expression into the territory where

COUP-TFII is expressed when COUP-TFII is deleted and

vice versa. At E11.5, COUP-TFI and COUP-TFII display

reciprocal expression patterns in the optic cup in which

FIG. 5. Increased activity of Notch signaling by loss of COUP-TFII.

Quantitative RT-PCR analysis of different factors related to Notch

signaling in testes from control and COUP-TFII mutant mice. Bar graph

shows fold changes of each molecule in COUP-TFII mutants relative to

controls (n � 8). The dotted line indicates the expression levels of

those genes in control mice. *, P � 0.05; **, P � 0.01.
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COUP-TFI is expressed in the neural retina cells, whereas

COUP-TFII is detected in retinal pigmented epithelial cells

(51). Double ablation of COUP-TFI/COUP-TFII in eyes

caused the retinal pigmented epithelial cells to adopt a

neural retina fate, leading to congenital ocular coloboma

and microphthalmia. The abnormal differentiation of the

optic vesicle in double knockout mice was attributed to the

misexpression of genes essential for early eye develop-

ment, including Pax6, Otx2, Mif, Pax2, and Vax1/2. In

particular, COUP-TFs directly regulate the transcription

of Pax6 and Otx2 during eye morphogenesis. Together,

the study firmly established a role for COUP-TFs in the

specification and differentiation of neural progenitor cells

during eye development.

B. COUP-TFs are required in the retinal development

Opsins are cone photopigments that function as the

first detection module used in color vision. They mediate

the conversion of photons of light into an electrochemical

signal. During retinal development, short-wavelength and

medium-wavelength opsins display a unique dorsoventral

expression profile in the retina (52). COUP-TFs have been

implicated in the opsin gene expression based on their

expression pattern. COUP-TFI has weak expression levels

in the dorsal half of the retina and high expression levels

in the ventral half of the retina at E11, whereas COUP-

TFII was exclusively expressed in the dorsal area (53).

Using both loss- and gain-of-function analyses, Satoh et al.

(53) demonstrated that both COUP-TFI and COUP-TFII

are essential for suppressing short-wavelength opsin ex-

pression in the dorsal retina, but only COUP-TFI is indis-

pensable for suppressing medium-wavelength opsin ex-

pression in the ventral retina.

In addition to COUP-TFs, BMP signaling is important

for the spatial patterning of cone opsin expression as is

evident from the misregulation of opsins in retina-specific

BMP receptor knockout (BMPR CKO) mice (53). Fur-

thermore, dorsoventral expression patterns of COUP-TFI

and COUP-TFII were severely compromised in the BMPR

CKO mouse retina, suggesting that BMP signaling acts

upstream of COUP-TFs in the regulation of opsin expres-

sion. Collectively, these results indicate that BMP signal-

ing regulates the spatial patterning of mouse cone opsins

through downstream effectors COUP-TFs.

C. COUP-TFII regulates the cerebellum development

The cerebellum is part of the central nervous system

(CNS) that plays an important role in the coordination of

movement and motor learning. Its functions are depen-

dent upon the interaction between different neuronal pop-

ulations: Purkinje cells, Golgi cells, granule cells, basket

cells, and stellate cells. The cerebellum development starts

from the dorsal region of the posterior neural tube (54). As

development proceeds, precursors from the ventricular

neuroepithelium migrate to the cerebellar cortex to be-

come the deep cerebellar nuclei and Purkinje cells (54).

Granule cell precursors from a specialized germinal matrix

called the rhombic lip migrate tangentially to cover the

surface of the cerebellum and form the external granule

cell layer (EGL). In addition to the ventricular neuroepi-

thelium, the EGL is a secondary region in which cerebellar

neuronal proliferation occurs. By P15, the EGL disap-

pears, and the cerebellum becomes a mature structure with

three layers of neurons, including the molecular layer, the

Purkinje cell layer, and the granule cell layer (54). Fur-

thermore, the vermis area of the cerebellum is comprised

of 10 lobules along the anterior-posterior axis, including

lobule I to V/VI and lobule V/VI to X in the anterior and

posterior compartments, respectively (54). All these struc-

tures are highly conserved between humans and mice.

COUP-TFII is weakly expressed in the cerebellar pri-

mordium at E13.5, and its level gradually increases in the

anterior part of the Purkinje cell layer as development

proceeds (55). At P7, COUP-TFII is detected only in the

Purkinje cells of the cerebellum, and its level decreases

along the anterior-posterior axis (55, 56). At P21, COUP-

TFII is observed in the Purkinje cells of the lobule IX, but

not the lobule X. To study the role of COUP-TFII in the

cerebellum, neuron-specific enolase-Cre mice were used to

ablate COUP-TFII in the brain. As expected, brain-

specific COUP-TFII-deficient mice exhibited a smaller

cerebellum size, abnormal foliation patterning at P14, and

a reduction in branching of Purkinje cell dendrites (56).

The improper foliation patterning was possibly due to the

incomplete subdivision of lobule VI into VIa and VIb or

the loss of lobule VII. Further investigation showed that

COUP-TFII is essential in regulating granule cell survival

vs. cell death (56). The number of phosphorylated histone

H3-positive mitotic cells was reduced, whereas the num-

ber of caspase-3-positive apoptotic cells was increased in

the EGL of the vermis area, suggesting a reduction in pro-

liferation and an increase in apoptosis of granule cell pro-

genitors. Furthermore, the expression of IGF-I and the

activity of its downstream Akt and mTOR signalings were

reduced in the cerebellum of the mutant mice. More im-

portantly, supplementation of IGF-I in the slice culture of

the cerebellum rescued the defects of the proliferation and

apoptosis as well as the dendritic branching of Purkinje

cells in the COUP-TFII mutant mice, suggesting that the

reduction of granule cell progenitor population and den-

dritic branching of Purkinje cells were attributed to a de-

crease in IGF-I expression levels. The same study using

chromatin immunoprecipitation analysis further showed

that COUP-TFII was directly recruited to the IGF-I pro-

412 Lin et al. Functional Roles of COUP-TFs Endocrine Reviews, June 2011, 32(3):404–421

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
d
rv

/a
rtic

le
/3

2
/3

/4
0
4
/2

3
5
4
7
6
2
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



moter in a specificity protein 1 (Sp1)-dependent manner

(56). Taken together, COUP-TFII is a crucial regulator of

neuronal survival and maturation in the mouse postnatal

cerebellum.

VIII. COUP-TFII in Organogenesis

A. COUP-TFII is essential for the radial and

anteroposterior (AP) patterning of the stomach

COUP-TFII exhibits a dynamic expression pattern in

the developing stomach. It is expressed in both the epi-

thelium and the mesenchyme of the developing stomach

with the highest levels in the mesenchyme by E12.5, im-

plying a regulatory role in stomach development (57).

COUP-TFII was conditionally ablated in the mesenchyme

of the developing stomach by Nkx3.2 Cre mice. COUP-

TFII conditional null mutants (Nkx3.2Cre; COUP-TFII

flox/flox) exhibit significant dysmorphogenesis of the

developing stomach with major defects in the radial and

AP patterning. Morphological analysis of the mutant

stomach showed that the mutant stomach is posterior-

ized. However, there are no cell type changes in the

epithelium of the fore- and hind-stomach of the mutant

animal.

Intriguingly, the radial and AP patterning defects in the

stomach elicited by the COUP-TFII conditional null mu-

tants (Nkx3.2Cre; COUP-TFII flox/flox) resemble the

phenotypes of Shh null mutants (57, 58). Additionally,

COUP-TFII is down-regulated in the caudal region of the

stomach of the Shh null mutants as well as in the explants

treated with cyclopamine, an inhibitor of hedgehog (Hh)

signaling (57, 59). Moreover, COUP-TFII mediates Ihh

signaling to regulate embryo attachment and decidualiza-

tion in the uterus (41). Taken together, these results sug-

gest that COUP-TFII is a downstream target of Hh sig-

naling. The notion that COUP-TFII lies downstream of

Hh signaling is supported by an in vitro study in which the

expression of COUP-TFII in mouse P19 embryonic car-

cinoma cells can be induced by a Shh-N (amino-terminal

signaling domain) treatment without de novo protein syn-

thesis (60). Furthermore, a Shh-response element was

identified in the mCOUP-TFII promoter that binds to a

factor distinct from Gli, a gene known to mediate Shh

signaling (60, 61). All the results above support the notion

that COUP-TFII is a downstream target that mediates the

function of Hh in controlling the radial and AP patterning

of the stomach.

B. COUP-TFII is necessary for limb and skeletal

muscle development

The expression of COUP-TFII is detected in the lateral

plate mesoderm of the limb field as early as E9.5 and con-

tinues in the limb mesenchyme through E12.5 (62). Inter-

estingly, COUP-TFII is also expressed in the embryonic

somites starting at E8.5. At E12.5, COUP-TFII expres-

sion can be detected in the muscle bundles of the fore- and

hindlimb. Its expression patterns imply an involvement of

COUP-TFII in limb and skeletal muscle development. In-

deed, tissue-specific ablation of COUP-TFII, specifically

in the developing limb bud mesenchyme, results in sho-

rter limbs as well as hypoplastic skeletal muscles (62).

Additionally, embryonic chimera analysis indicates that

COUP-TFII plays a cell autonomous function during limb

bud outgrowth but not limb bud initiation (62). The un-

derlying mechanism contributing to the defects is that pro-

liferating cells were reduced in the limb mesenchyme of the

late developmental stage of COUP-TFII conditional

knockout mutants, whereas no differences in apoptosis

and proliferation were observed between control litter-

mates and COUP-TFII conditional knockout embryos at

E9.5 (62). These results support the notion that COUP-

TFII is not involved in limb bud initiation but rather is

required for the limb bud outgrowth.

Analysis of COUP-TFII null mutants and conditional

knockout mutants reveals significant muscle cell migra-

tion defects. This abnormal myogenesis is further con-

firmed by the altered expression of the myogenic differ-

entiation gene myogenin in both somitic and limb muscle

lineages (62). Taken together, COUP-TFII is required for

the distal outgrowth of embryonic limbs and for the ap-

propriate development of limb musculature.

C. COUP-TFII is essential for the insulin secretion and

pancreatic function

Pancreatic �-cell differentiation and function relies on

the interaction of a group of transcription factors. The

reciprocal cross-regulation between COUP-TFII and he-

patocyte nuclear factor 4� (HNF4�), also called maturity-

onset diabetes of the young 1 in control of insulin secre-

tion, was well defined in mouse pancreatic islet �-cells

(63). HNF4� regulates the expression of COUP-TFII

gene through the DR-1 binding site, and HNF4� expres-

sion was found to be controlled by COUP-TFII (63). Ad-

ditionally, COUP-TFII autoregulates its expression (63).

The interaction of two factors is further supported by in

vivo studies showing that both pancreatic �-cell-specific

deletion of heterozygous COUP-TFII mice and HNF4�

knockout mice exhibited similar abnormal insulin secre-

tion (64). Moreover, in a high carbohydrate-fed state, high

insulin and high glucose suppress COUP-TFII gene ex-

pression through Foxo1 signaling and the carbohydrate

response element-controlled pathway, respectively (65).

In addition, COUP-TFII was shown to regulate the ex-

pression of the insulin gene in vitro in a cell culture trans-

fection study (66). These observations suggest that COUP-

Endocrine Reviews, June 2011, 32(3):404–421 edrv.endojournals.org 413

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
d
rv

/a
rtic

le
/3

2
/3

/4
0
4
/2

3
5
4
7
6
2
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



TFII forms a positive feedback autocrine loop to modulate

insulin secretion as well as the transcription of the insulin

gene expression.

IX. COUP-TFII in Diseases

A. COUP-TFII deletion results in the congenital

diaphragmatic hernia (CDH)

CDH is characterized by the malformation of the dia-

phragm, with inappropriate protrusion of the viscera con-

tents into the thoracic cavity leading to the abnormal lung

growth and development (67, 68). Infants with CDH suf-

fer from pulmonary hypoplasia and pulmonary hyperten-

sion (67). The most common forms of CDH, the Boch-

dalek-type CDH, occurs in the dorsolateral region of the

diaphragm, and it accounts for more than 70–90% of the

diaphragmaticdefects inhumans (68,69).TheBochdalek-

type CDH has been mapped to a region in chromosome

15q, which encompass COUP-TFII (15q26) (70, 71), sug-

gesting that COUP-TFII may have a functional associa-

tion with CDH.

Using Nkx3-2 Cre recombinase to ablate COUP-TFII

in the foregut mesentery has shown that a high percentage

of COUP-TFII conditional null mutants (Nkx3.2Cre;

COUP-TFII flox/flox) exhibit a diaphragmatic hernia in

which the developing stomach, intestines, and liver pro-

trude into the thoracic cavity, and the hearts of the COUP-

TFII conditional null mutants were pushed laterally to

right thorax, displaying dextroposition (72). Addition-

ally, herniation of the liver caused the compression of the

left lung (72). The lung hypoplasia and the resulting re-

spiratory insufficiency are the likely underlying causes of

the postnatal lethality. This study provided the first dem-

onstration that COUP-TFII might contribute to the for-

mation of CDH in individuals with 15q deletions.

B. COUP-TFII is essential for the tumor growth

and metastasis

In addition to embryonic angiogenesis, the recent study

using Cre-Lox technology to inactivate COUP-TFII in the

adult stage showed that COUP-TFII regulates tumor

growth and metastasis by modulating tumor angiogenesis

(14). It is well accepted that tumor progression, invasion,

and metastasis require angiogenesis to provide nutri-

ents and oxygen from the surrounding environment to

sustain tumor growth (73–75). Without persistent ves-

sel formation, tumor cells will undergo apoptosis or

become necrotic (76). Therefore, further understanding

of the orchestration of this angiogenic switch will help

in the development of strategies to harness the dynamics

of blood vessel formation during cancer progression.

Recently, we showed that COUP-TFII serves as one of

the major angiogenic regulators within the tumor mi-

croenvironment to promote tumor angiogenesis. Abla-

tion of COUP-TFII in adult mice, using TAM-inducible

ROSA26Cre-ERT2, severely compromised neoangio-

genesis and suppressed tumor growth and metastasis

(14, 77). Mechanistic investigations revealed that COUP-

TFII directly regulates the transcription of three key genes,

E2F1 and VEGFR-1 in endothelial cells and Ang-1 in peri-

cytes, to coordinate endothelial cell proliferation, sprout-

ing, and vascular remodeling (14, 77) (Fig. 6). In the peri-

cyte, COUP-TFII positively regulates Ang-1 expression to

modulate a paracrine signal (Ang-1/Tie2 signaling) that

impacts vessel remodeling (14). Furthermore, we delin-

eated for the first time that COUP-TFII plays a cell au-

tonomous role in endothelial cells to control vessel sprout-

ing by regulating cell proliferation and migration (77).

Loss of COUP-TFII significantly compromised endothe-

lial cell sprouting through transcriptional derepression of

VEGFR-1. VEGFR-1 and soluble VEGFR-1 can counter-

act the positive mitogenic signal of VEGFR-2 by seques-

tering the VEGF ligand to inhibit angiogenesis (77). As a

consequence, up-regulation of VEGFR-1 in COUP-TFII

mutants will inhibit VEGF/VEGFR-2 signaling, a major

angiogenic driving force for vascular growth. One inter-

esting question that remains to be defined is whether

COUP-TFII is involved in tip and stalk cell specification

during vessel sprouting. Based on the current understand-

ing, it is hypothesized that a subset of endothelial cells will

undergo sprouting to form the new vessel during angio-

genic growth. The endothelial cells in the new sprout are

FIG. 6. Model depicting COUP-TFII functions in tumor angiogenesis. In

endothelial cells, the absence of COUP-TFII results in the elevated

expression of VEGFR-1, a decoy receptor that sequesters VEGF ligand.

This leads to attenuation of VEGFR-2 signaling and endothelial cell

sprouting in the COUP-TFII-deficient mice. Additionally, endothelial cell

proliferation is impaired due to decreased expression of E2F1. In

pericytes, the absence of COUP-TFII results in reduced Ang-1 that

serves as a paracrine signal to activate Tie2 receptors on the

endothelial cells. Thus, COUP-TFII regulates angiogenesis through

growth signaling, VEGF/VEGFR-2, and Ang-1/Tie2 signaling pathway

within tumor microenvironment.
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called tip cells. Notch and its ligand delta-like 4 have

been shown to play a role in sprouting in mice (78, 79).

In response to VEGFA, delta-like 4 expression is in-

duced in the tip cells, whereas Notch is activated in the

adjacent stalk cells (80, 81). Activation of Notch in stalk

cells suppresses VEGFR-2 expression and inhibits the

proangiogenic response (79, 81). Because COUP-TFII is

a crucial regulator of venous fate determination

through inhibition of Notch signaling (15), it is reason-

able to speculate that COUP-TFII is preferably ex-

pressed in tip cells to ensure the inactivation of Notch

signaling. Conversely, to inhibit angiogenic response,

Notch signaling and VEGFR-1 expression will be up-

regulated in stalk cells due to the absence of COUP-

TFII. Thus, these complicated hierarchies of signaling

interactions are coordinated, and the interplays among

COUP-TFII, Notch signaling, and VEGF/VEGFR-2 sig-

naling remain to be elucidated.

Inhibitors of angiogenesis can suppress tumor growth

in preclinical models and have entered the clinic as pro-

spective anticancer therapeutics. Despite the enormous ef-

fort focused on the development of angiogenic inhibitors

for VEGF/VEGFR-2 signaling, the eventual resistance and

toxic side effects of VEGF/VEGFR-2 inhibitor treatment

remains a significant clinical problem (82). Our studies

uncover COUP-TFII as a critical new player, which is es-

sential for controlling the vital and complex circulatory

networks, and highlight that COUP-TFII may represent an

important target for anticancer interventions. First,

COUP-TFII potently controls multiple angiogenic signal-

ing pathways, which renders it as a more efficient ap-

proach to inhibit tumor angiogenesis. Second, COUP-TFII

has little impact on normal adult physiological functions,

suggesting that it will be a well-tolerated approach. Third,

COUP-TFII is a nuclear receptor, and its activity could

potentially be regulated by ligands (83), rendering it as a

useful drug target. Future work will be important to screen

and identify the specific antagonist ligand of COUP-TFII

and examine whether it could be used for anticancer

interventions.

C. COUP-TFII may play a role in the development of

ER-positive breast cancer

Except for COUP-TFII function within the tumor mi-

croenvironment, increasing evidence has suggested that

COUP-TFII might play an important role in breast cancer

cell growth. However, the results are somewhat contra-

dictory. Nagasaki et al. (84) showed that COUP-TFII is

overexpressed in 59% of breast cancer patients. They

found that up-regulation of COUP-TFII in the patients

was associated with a worse prognosis, clinical outcome,

and lymph node metastasis, and a correlation between

COUP-TFII and ER� status was detected (84). In accor-

dance, in vitro observation indicated that COUP-TFII can

physically interact with ER� and regulate ER� transcrip-

tion activity (85), Furthermore, it has been shown that

overexpression of COUP-TFI enhances motility and inva-

siveness of MCF-7 cells and promotes the proliferation of

MCF-7 cells through ER�-dependent mechanisms that

target cell cycle progression and cell survival (86). Given

the biochemical similarities of COUP-TFI and COUP-

TFII, these results suggested that COUP-TFII might reg-

ulate ER� transcription activity to participate in breast

cancer progression.

However, contrary to the oncogenic role of COUP-

TFII during breast cancer progression, Riggs et al. (87)

demonstrated that COUP-TFII mediated breast cancer

cell sensitivity to TAM treatment possibly through in-

hibition of ER� activity. Reduction of COUP-TFII ex-

pression levels will render the breast cancer cells resis-

tant to TAM inhibition. Conversely, overexpression of

COUP-TFII in TAM-resistant human breast cancer cell

lines increases the antiproliferative effects of TAM and

ICI 182780 treatment. These results suggested that

COUP-TFII was involved in antiestrogen resistance,

and enhancement of COUP-TFII activity in tumor cells

in combination with TAM treatment might improve

therapy effectiveness of breast cancer patients. The op-

posing results of COUP-TFII function in breast cancer

cells might reflect its complicated roles during the dif-

ferent progression phrases. To precisely elucidate its

function in early initiation of breast cancer formation

and later relapse phase of TAM resistance, further in-

vestigation using appropriate animal model may help in

differentiating the distinct role of COUP-TFII during

the course of breast cancer progression.

X. COUP-TFI in Early Neural Development

Similar to the important roles of COUP-TFII during de-

velopment and diseases, growing experimental evidence

clearly demonstrates that COUP-TFI is a critical regulator

of CNS and peripheral nervous system development. The

developmental role of COUP-TFI in the cerebral cortex of

the CNS has been intensively studied. The graded expres-

sion of COUP-TFI is from low to high along both medio-

lateral (dorsoventral) and rostrocaudal axes of the cere-

bral cortex (88–90). The spatially restricted expression

pattern of COUP-TFI suggests that COUP-TFI may reg-

ulate multiple events during corticogenesis, including neu-

rogenesis, cell differentiation, proliferation, cell death, ar-

borization, axon myelination, and cortex patterning.

Homozygous COUP-TFI null mutants die within 48 h

after birth due to starvation and dehydration (90). COUP-

TFI null mutant mice exhibit improper differentiation of
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both layer IV neurons, suggesting an essential role of

COUP-TFI in neurogenesis (91). This is further supported

by the gain-of-function study, in which increases in

COUP-TFI dosage suppress Mapk/Erk, phosphatidylino-

sitol-3-kinase/Akt, and �-catenin-mediated Wnt signaling

pathways, leading progenitor cells to exit from the cell

cycle and their subsequent differentiation (92). COUP-

TFI null mutants also display miswired, area-specific con-

nections between the cortex and the thalamus. Normally,

axons from subplate neurons project to the thalamus,

whereas layer IV neurons receive inputs from the thala-

mus. The absence of subplate neurons in COUP-TFI null

mice results in defective thalamocortical connection, lead-

ing to the premature cell death of layer IV neurons (91).

Additionally, thalamocortical axons in the mutants fail to

reach beyond the internal capsule or extend to the inter-

mediate zone, and fibers of the anterior commissure, hip-

pocampal commissure, and corpus callosum in the mu-

tants fail to cross the midline to connect the two cerebral

hemispheres, suggesting defects in axon guidance (90, 93).

In addition, axon arborization and innervations are de-

fective in COUP-TFI null mice (91). COUP-TFI null mice

also show a delayed differentiation of oligodendrocytes,

the myelinating cells of the CNS, suggesting a defect in

axon myelination (94). Moreover, the molecular pattern-

ing of the cortex, including the regionalized expression of

the transcription factor Id2 as well as ROR-�, and adhe-

sion molecule Cadherin 8, is profoundly disturbed in

COUP-TFI null mutants, suggesting a role of COUP-TFI

in regulating caudoventral identity of the cortex (88).

Conditional inactivation of COUP-TFI in the cortex using

Emx1-IRES-Cre results in complementary expansion of

frontal/motor areas and reduced sensory area size, which

is positioned far caudally in the occipital cortex, indicating

that COUP-TFI regulates regional patterning of the cortex

(95). COUP-TFI suppresses the differentiation of cortico-

spinal motor neuron, thereby controlling its specification

(96). Taken together, COUP-TFI plays crucial roles not

only in neuronal cell fate specification, but also in axon

guidance, arborization, and axon myelination as well as

cortex patterning.

Like the defects in the CNS, COUP-TFI null mutants

also display defects on axon guidance, nerve projection,

and arborization in the peripheral nervous system. Nor-

mally, the IX cranial ganglion (the glossopharyngeal

ganglion) provides both sensory and motor innerva-

tions to the pharynx and the tongue. In COUP-TFI mu-

tants, the glossopharyngeal ganglion is malformed, and

the axons from there fail to project to hindbrain (90).

This defect is likely due to the excessive cell death in the

region dorsal to the developing IX ganglion (90). In

addition, oculomotor nerve (ganglion III) of the mu-

tants is shortened and broadened (90). Abnormal

branching of the axon trees is also detected at the facial

and cervical plexus regions as well as the ophthalmic

branch of the trigeminal nerve of COUP-TFI null mu-

tants (90). Together, these observations further support

the hypothesis that the abnormal development of glos-

sopharyngeal ganglion in COUP-TFI null mutants im-

pairs sensory and motor functions, which affect feeding

behavior and result in perinatal death.

XI. A Comparison between COUP-TFI

and COUP-TFII

Although COUP-TFI has been discussed briefly, we have

summarized a comparison of COUP-TFI and COUP-TFII

functions in Table 2. Given that COUP-TFI and COUP-

TFII are highly similar in structure, DNA binding, in vitro

functional assays, and mechanism of action (5), one will

expect the possible compensatory functions of COUP-

TFs. Indeed, during the eye development, inactivation of

both COUP-TFI and COUP-TFII is necessary to have sig-

nificant phenotypes, suggesting that they compensate each

other’s function (51). In addition, ectopic expression of

COUP-TFI in the COUP-TFII-deleted uterus largely res-

cued implantation and decidualization defects of COUP-

TFII mutants, suggesting that COUP-TFI and COUP-TFII

are able to functionally replace each other if they are ex-

pressed in the same cells (97). However, during embryonic

development, they are differentially expressed, but often

in a complementary fashion. At the end of gastrulation,

COUP-TFI starts to be expressed in the neural ectoderm,

whereas COUP-TFII is detected in the visceral mesoderm

(11, 90). In contrast to the high expression levels of COUP-

TFII in the mesenchymal component of the many devel-

oping organs, the expression of COUP-TFI is high

throughout the developing neural tissues, but low in the

internal organs (5). Both expression levels in the mouse

gradually reduce shortly after birth. The expression pat-

terns of COUP-TFs suggest that they will exert different

biological functions, in which COUP-TFI will have more

roles in neural development and COUP-TFII in organo-

genesis. Indeed, studies on the genetically manipulated

COUP-TFI or COUP-TFII mouse models have identified

their different developmental and physiological roles as

described in Table 2.

Great insights have been obtained into the physiolog-

ical function of both COUP-TFI and COUP-TFII in several

tissues; however, COUP-TFI and COUP-TFII are ex-

pressed in many other tissues in which the physiological

function of COUP-TFs still need to be uncovered.
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XII. Summary and Perspective

This review has highlighted a unique role of transcription

factor COUP-TFII in normal tissue development and ho-

meostasis. Deregulation of its levels during development

critically contributes to various congenital anomalies, in-

cluding CDH (72), congenital ocular coloboma (51), and

congenital heart defect (F. -J. Lin, L. -R. You, M. -J. Tsai,

and S. Y. Tsai, unpublished results). COUP-TFII is highly

expressed in the mesenchymal cell compartment during

embryogenesis and plays critical roles during organogen-

esis, suggesting that COUP-TFII serves as a master regu-

lator to control mesenchymal-epithelial interaction during

development. In addition, it also left open the possibility

of whether COUP-TFII participates in remodeling the

stromal environment to facilitate tissue expansion. Fur-

ther mechanistic investigation needs to address whether a

general downstream target or signaling pathway regulated

by COUP-TFII is operated in these processes. Conversely,

it also raises an interesting question of whether COUP-

TFII is involved in epithelial-mesenchymal transition as

well.

Although COUP-TFII plays essential roles during em-

bryogenesis, we showed that deletion of COUP-TFII in

the adult lacks a discernible phenotype. In most instances,

COUP-TFII is not important for maintenance function in

the adult, but it is essential for regeneration or dediffer-

entiation processes, which often occurred under patho-

logical conditions such as tumor angiogenesis and tumor

lymphangiogenesis. Although COUP-TFs are defined as

orphan nuclear receptors, a recent study has shown that

COUP-TFII is a retinoic acid-activated receptor (83). The

ligand-regulated feature has left open the possibility that

synthetic agonists or antagonists might be useful in the de-

velopment of new therapeutic strategies for several human

diseases in which COUP-TFII is implicated. In addition, the

lack of maintenance function of COUP-TFII in adult organs

renders it a potential safe target for treatment of various dis-

eases, including cancer and metabolic syndromes. For in-

stance, agonists can be used for prolymphangiogenic treat-

ment of primary and secondary lymphedemas as well as for

enhancing wound healing, whereas antagonists can be used

for antilymphangiogenic and/or antiangiogenic therapy tar-

geting tumor growth and metastasis, as well as the preven-

tion of obesity, because COUP-TFII heterozygous mice are

resistant to high-fat diet-induced obesity. Specifically, devel-

opment of selective agents with tissue selectivity would max-

imize the therapeuticpotential. Finally, future studies includ-

ing genome-wide approaches and detailed analysis of

COUP-TFII-dependent genetic programs will be essential to

comprehensively understand the relationship between

COUP-TFII activity and distinct human diseases.
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